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1 Introduction   
The use of odors such as frankincense and myrrh were already used in ancient Egypt for 
several causes, in religious rituals as well as in everyday life.[1] Nowadays, flavors and 
fragrances are irreplaceable in many different areas like in the food chemistry, perfume 
industry, and in numerous household goods like air conditioners, detergents, soaps, candles, 
and countless other products.[2] Still, until today the exact function of the olfactory processes 
and the structure-odor relation remains as enigmatic as before. Therefore, the introduction and 
development of new molecules to develop new scents for perfumes and the food industry 
remains a random and difficult task, not to mention a very expensive one. It is still not 
possible to predict the scent of a molecule by knowing its structure or to deduce the structure 
of a substance by knowing its scent.[3]  
To get a better understanding of the structure-odor relation it seems interesting to investigate 
the structure of known odorants.[4] Conformational analyses of odorants and flavor 
compounds is especially challenging, because most odorants are rather large molecules 
(>20 atoms) and thus possess numerous possible conformers. Since odor impressions result 
from a direct interaction of chemical compounds with a corresponding olfactory receptor, 
these compounds need to fulfill at least two requirements: they have to be sufficiently volatile 
to get into the gas-phase and reach the nasal receptors, and they have to interact with the 
receptors, which requires a certain hydrophilic as well as hydrophobic character. The required 
volatility makes odorants and flavors potential candidates for gas-phase studies such as 
conformational analysis using molecular beam techniques. The hydrophilic character of 
odorants and flavors is perfect since this method requires a permanent dipole moment to 
observe rotational transitions which later allow to draw conclusions on the conformation of 
the investigated compounds. The combination of quantum chemical methods and molecular 
beam Fourier transform microwave (MB-FTMW) spectroscopy, by which very accurate data 
on the structure and dynamics of the lowest energy conformer can be obtained,[5,6] seems 
therefore ideal. Especially since the field of microwave spectroscopy has recently moved into 
solving structures of conformers of sizeable molecules, where energy differences are small 
and determination of the lowest energy conformer is not possible by quantum chemical 
calculations alone.[7,8] As most odorants are non-crystalline and X-ray data is often not 
available, microwave spectroscopy is an interesting tool to make a conformational analysis of 
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odorants in the gas-phase. Thus, the forces of the molecular environment e.g. the crystal field 
which might affect the properties of the isolated molecules are excluded.  
In biological applications such as the odorant-receptor binding, the gas phase is not directly 
comparable to the condensed medium in which the biological recognition takes place. 
However, it is still useful to exclude the forces of the environment which might affect the 
properties of the isolated molecules. At this point, the nature of the active species, which 
interacts with the receptor, is rather speculative, and it cannot be excluded that water 
molecules play an important role for the interaction with the receptor. On the other hand, if no 
water molecules are involved, the environment (the protein with a dielectric constant of 
r  4–20) behaves more like the gas phase (r = 1.0) than water (r = 80). The gas-phase 
structure of odorants is likely to be of some significance also for the structure within the 
receptor and necessary to develop our knowledge of odor-structure relations.[8] It is certainly 
more meaningful than extrapolations from X-ray structures of crystalline derivatives, and thus 
should offer the most reliable insight into the relevant odorant geometry. The determined gas-
phase structures might be directly used for further studies on structure-odor relations. 
1.1 Odors and Olfaction  
Though the function of the olfactory process has not yet been deciphered, there is a huge 
amount a literature available about olfaction going back at least to 1900, where the 
importance of osmophoric groups in odorants for olfactory activity was reported.[9] The 
greatest breakthrough was probably the discovery of R. Axel and L. Buck who found a large 
multigene family which is responsible for the detection of odors in olfaction.[10,11] The insight 
that the interacting receptors in the olfactory process are G coupled proteins was crucial for all 
further studies and gave new insight into the researches, which are still ongoing.[12-17]
Altogether almost 400 different receptors have now been determined in the human olfactory 
system.[18] It is suggested that odorants react with a huge number receptors with a different 
affinity. The function of the olfaction process is also difficult to retrace, since the effect or the 
creation of an odor impression is often an interplay of very different compounds. For example 
a typical odorant for the “lily of the valley” scent is bourgeonal. However, bourgeonal is not 
present in the same-named “lily of the valley” flower. There, the typical scent is created by a 
perfect mixture of different terpenes and other compounds.[19]
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Another very interesting part of the olfaction process is the role of odorant binding proteins 
(OBPs) which at first glance seem to possess a carrier function comparable to the carrier 
protein of retinol in the visual system.[20] However as their role has not been exactly 
determined yet, the OBPs might also possess a cleaning function, absorbing the odorants after 
they have been released by the receptor and oxidized by cytochrome P450.[1,21,22]   
For the application of structure-odor relationship in designing new fragrances and flavors, 
several thumb rules are used to predict changes of odor and odor thresholds in the structures 
of known odorants and flavors. Already around 1900 the importance of osmophores was 
described for the olfactory activity of chemical compounds.[9] To that effect, for a molecular 
recognition to take place, usually some kind of polar group is needed. Osmophoric groups are 
functional groups such as carbonyl groups, ester groups, ethers, and hydroxyl groups or also 
nitrogen containing functional groups such as –CN, –NO2, –N3 and so on. Often, osmophores 
can be exchanged one against the other without seriously changing the odor of the concerned 
compound. In macrocyclic musks for instance, such as in the case of ambrettolide, a C-C 
double bond might be replaced by a sulfur atom.[23] Sulfur however cannot replace oxygen, 
since the exchange of oxygen with sulfur, especially in the case of hydroxyl and thiol groups, 
has serious effects on the odor and the detection threshold of the compound (see 3.4.1).  
Altogether, different models for the structure-odor relationship of odorants can be found, 
starting with earlier models where odorants are differed in five types of different odor families 
simply according to their size.[24] Another old but demonstrative description which includes 
the presence of osmophoric groups is given by the molecular parameters of the profile 
functional group theory and is regarded like a lock-and-key analogy found for description on 
the functionality of enzymes.[25,26] All in all, without experimental structural data of receptors 
with or without odorants, it remains difficult to develop new models which would give more 
accurate descriptions and explanations for the scents of known ododrants. In particular, the 
enantioselectivity is a point which raises more questions, as the enantiospecifity of odorants 
suggests that the concerned receptor binding sites are chiral. Although it is not very common 
and most enantiomers possess similar odors with different intensities, there are still cases 
where a pair of enantiomer possesses completely different odors.[1] The importance of 
enantioselectivity in biological processes is widely known from different cases, e.g. the case 
of  thalidomide in the 1950s.               
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1.2  Sulfur Compounds and Blackcurrant Odorants 
Sulfur containing compounds are widely spread in the flavor industry, especially when meaty, 
garlic, onion, and vegetable scents are needed.[27,28] The odors of sulfur containing compounds 
are highly depending on the concentration applied and in higher concentrations most 
sulfurous compounds are rather repelling, especially when sulfur is present in form of a thiol 
group. In contrary to the flavor industry, in perfumery sulfur containing compounds are tried 
to be avoided because of their sulfur off-notes. The structural variety of sulfurous compounds 
is endless. The scent variety extends from the above mentioned to fruity, musky, sweet, green, 
herbaceous, and roasty notes.[29]  
The main focus of the present work is a comparative study of blackcurrant odorants, since 
blackcurrant odorants represent an important class of fruity odorants widely used in 
perfumery as well as in the food industry. The related molecular structures of blackcurrant 
odorants vary in a wide range from theaspirane related odorants to sulfur- and nitrogen-
containing odorants, which make the structural analysis of these compounds very 
interesting.[30] In the sulfurous representatives of blackcurrant odors, a carbonyl group in 
proximity to a thiol group is usually necessary to create the typical blackcurrant odor. Until 
the recent introduction of Cassyrane by Givaudan,[31] only the sulfurous odorants were 
available for perfumers to create the desired blackcurrant top notes in perfumes. Cassyrane 
can be seen as a seco-etaspirene and is unlike Corps Cassis and Cassis mercaptan completely 
free of sulfurous malodor. An overview of the most important odorants is shown in 
scheme 1.1. After investigating Cassyrane, it seemed obvious to study the structure of some 
natural cassis odorants. For this purpose 4-mercapto-4-methylpentan-2-one and 4-methoxy-2-
methylbutane-2-thiol were chosen which are also known as cat ketone and blackcurrant 
mercaptan, respectively. While cat ketone is responsible for the typical blackcurrant flavor of 
Sauvignon-Blanc, Cassis mercaptan is naturally present in blackcurrants and is a major 
contributor to the cassis bud aroma.  
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Scheme 1.1. Overview of the most important types of cassis-like odorants.[7,30] 
In addition to being of major interest for structure-odor-correlations, each of these sulfurous 
cassis odorants possess a methyl group with a barrier to internal rotation, which can be 
determined very accurately using MB-FTMW spectroscopy. Due to the thiol group in relative 
proximity to the oxygen atom, intramolecular hydrogen bonds can be formed to stabilize the 
lowest energy conformers. The structural importance of hydrogen bonds in biological systems 
is probably inarguable. However, hydrogen bonds that include sulfur are rather weak and 
might therefore still not be relevant for the structure of the lowest energy conformers of cat 
ketone and cassis mercaptan.  
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1.3 Fruity Odorants and Flavors 
Fruity esters are probably the most common or at least the most familiar fruity odors known, 
not only to chemist but also to most people, since they are already introduced during school 
chemistry lessons and science projects. Also in perfumery, fruity odorants are very popular 
and find wide applications. Even the small ester hexyl acetate finds its use as pear odorant in 
perfumes such as “D&G feminine” or “Tempore Donna”.[30] 
Next to the four mentioned blackcurrant odorants, the fruity ethyl esters of valerianic acid and 
its structural isomers are studied by microwave spectroscopy and quantum chemical 
calculations, and the results are compared within the present work.[8,32,33] These small esters 
play an important role in chemistry and in our everyday life. They possess a sweet, fruity 
scent and therefore find use in the food industry.[34] Although they are rather small fruity 
flavors, the different positions of the methyl groups influences their scent. Since so little is 
known about the exact geometry of their different conformers, they are of some interest for 
the discrimination of the most stable conformers present in the gas-phase. It can generally be 
said, that all esters have some scent, although very small esters smell rather solvent-like than 
fruity. This is due to the carbonyl moiety which acts as an osmophore in the receptor. It 
should be mentioned that the odor description fruity is very widely used and covers a broad 
range of compounds including blackcurrant odorants. Still blackcurrant and grapefruit 
odorants possess more definite odors, which is usually not the case with most fruit esters.  
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2 Experimental Section 
2.1 Computational Methods 
For the quantum chemical part of this work different methods and basis sets were chosen. 
Usually, the geometry optimizations were calculated at the MP2/6-311++G(d,p) level and in 
some cases compared with density functional theory results at the B3LYP/6-311++G(d,p) 
level.[1,2] Specific deviations from this procedure for a given molecule are noted separately in 
each chapter. All optimizations were performed using the Gaussian03 program package or the 
Gaussian09 program package.[3,4] When possible, harmonic frequency calculations were 
carried out to verify the nature of the stationary points. All the microwave spectra were 
predicted and assigned using the xiam code.[5] The superposition analyses shown in the 
conclusions were carried out by Philip Kraft using the Discovery Studio 3.0 program 
package.[6]       
2.2 Experimental methods 
To record the spectra, a molecular beam Fourier transform microwave (MB-FTMW) 
spectrometer was used operating in the frequency range from 4.0 to 26.5 GHz.[7] The spectra 
were usually measured between 9.0–14.0 GHz, unless otherwise stated. Usually, a mixture of 
approx. 1% of the respective substance in Helium at a total pressure of 100–200 kPa is 
expanded through a pulsed nozzle into the cavity. This was the case for most of the studied 
esters: ethyl pivalate, ethyl isovalerate, and ethyl 2-methyl butyrate. In the present work 
however, most of the studied molecules possess a vapor pressure below 1 kPa, and the spectra 
could not be recorded with the usual method. For this purpose, a 5 cm piece of a pipe cleaner 
serving as a carrier for the sample inside a stainless steel tube with an inner diameter of 4 mm 
was mounted upstream the nozzle. Helium was blown over the sample at a pressure of approx. 
150–200 kPa, under which conditions intense spectra were recorded. If required, as it was the 
case with Cassyrane and its dihydroderivative, the stainless steel tube containing the pipe 
cleaner and the sample could be heated up to 60 °C. Helium was favored over argon or neon 
since the molecular beam is warmer and usually transitions up to J=15 can still be observed. It 
should be mentioned, that if the pipe cleaner is used to record the microwave spectrum of a 
given substance, the experimental conditions such as the amount of substance or the precise 
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pressure of the Helium stream are not stable throughout the measurement. Therefore, the 
intensities of the transitions are not always reliable as in the case where a 1% mixture of the 
substance in Helium is used for the measurements. 
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3 Blackcurrant Odorants  
3.1 Introduction 
Blackcurrant odorants fascinate with a wide range of structural variety going from sulfurous 
compounds to terpenic nitrogen containing compounds and theaspirane derivatives.[1] In 
opposite to several fruity odors, blackcurrant is a specific scent which can be easily 
characterized. In perfumery, they represent an important class of fruity odorants, which are 
mainly used to create top notes. Thus, they are responsible for the first impression created by 
a perfume and should motivate the consumer to buy the product. The family of blackcurrant 
odorants used in perfumery was recently expanded by the introduction of Cassyrane by 
Givaudan.[2] In the following chapter a thorough conformational analysis on the five 
blackcurrant odorants shown in Scheme 3.1 is performed by geometry optimizations, mainly 
at the MP2/6-311++G(d,p) level of theory. The results (except in the case of corps cassis) are 
validated using the microwave spectroscopic results obtained from the experiment. Using 
these complementary methods, conclusions can be drawn about the quality of the quantum 
chemical calculations and about the most abundant conformer present in the molecular beam. 
The outcome is of importance for future studies on the structure and dynamic of molecules 
and can furthermore be used for structure-odor correlations.     
Scheme 3.1. Investigated Blackcurrant odorants in the present study (Corps Cassis was investigated using 
quantum chemical calculations, while the other four odorants were also investigated using microwave 
spectroscopy).
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3.2 Cassyrane 
Cassyrane 1 is a synthetic blackcurrant odorant recently developed by Givaudan to avoid 
sulfurous off-notes in perfumes.[2] Before the introduction of Cassyrane perfumers usually had 
to use sulfurous components such as Corps Cassis and Cassis mercaptan to create the desired 
top notes in perfumes. These sulfur containing compounds are detectable at very low 
concentrations and all possess strong, pungent odors at high concentrations. Therefore, they 
need to be used very carefully. As mentioned before, Cassyrane can be seen as a seco-
Etaspirene and is unlike corps cassis and cassis mercaptan completely free of sulfurous 
malodors. Possessing two different stereocenters, Cassyrane provides 4 different enantiomers, 
which all have different scents, varying from fruity and cassis to agrestic and herb–like. The 
olfactory properties of all stereoisomers of Cassyrane were determined by Givaudan and are 
shown in scheme 3.2.[3] Interestingly, it seems that the (2S,5S)-Cassyrane is the one 
responsible for the typical blackcurrant odor of Cassyrane. However, since enantiomers 
possess equal rotational constants, they cannot be distinguished by microwave spectroscopy 
and only the diastereomers of Cassyrane can be observed separately with the experiment. All 
Cassyrane samples used for the experiment were provided by Givaudan.  
Scheme 3.2. Olfactory properties of the stereoisomers of Cassyrane.[3]
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3.2.1 Quantum Chemical Results
The start geometries for the quantum chemical calculations were obtained by rotation around 
the sp³-hybridized C-C bonds of the n-propyl chain as showed in Scheme 3.3. The C-C bonds 
were rotated in steps of 120° yielding 9 different start conformers. These were optimized 
using the MP2 method and the basis set 6-311++G(d,p). This is a widely used basis set which 
usually yields rotational constants which are in good agreement with the microwave 
experiment.[4,5] 
Scheme 3.3. Rotable bonds to model the start geometries of the Cassyrane diastereomers for the quantum 
chemical calculations. The orientation of the tert-butyl and the methyl on the ring are staggered. Due to the 
double bond inside the heterocyclic ring, the system is rigid and therefore excludes the existence of additional 
conformers.   
The ether group of the 2,5-dihydrofuran ring can act as a proton acceptor for the formation of 
a hydrogen bond to stabilize the lowest energy conformer. However, the terminal methyl 
group of the n-propyl chain acting as a proton donor can only provide the formation of weak 
hydrogen bonds, which might not be relevant to stabilize the structure of the molecule. Since 
the bulky tert-butyl group and the methyl group substituent do not provide much 
conformational variety, only the orientation of the n-propyl group will have an influence on 
the van-der-Waals volume of each conformer. Therefore, the focus of the present study is to 
determine the orientation of the n-propyl group with respect to the rest of the Cassyrane 
molecule. Altogether 8 conformers were obtained for each diastereomer of Cassyrane. The 
results obtained from the quantum chemical calculations at the MP2/6-311++G(d,p) level for 
the (2R,5R)-Cassyrane are given in Table 3.1.  
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Table 3.1. Quantum chemical results of (2R,5R)-Cassyrane calculated at the MP2/6-311++G(d,p) level.   
conformer E [Hartree] Erel [kJ/ mol] µa [Debye] µb [Debye] µc [Debye] µ [Debye]
1 −544.210870 0.00 −0.185 0.459 1.377 1.464
2 −544.209247 4.26 −0.123    0.403 1.464 1.523
3 −544.208056 7.39 −0.530  0.233 1.253 1.381
4 −544.206684 10.99 −0.351    −0.260    1.308  1.379
5 −544.206573 11.28 0.287    −0.814    1.282  1.546
6 −544.205256 14.74 0.550    −0.311    1.339  1.481
7 −544.203967 18.12 0.326    −0.983    0.979  1.425
8 −544.202347 22.38 −0.536    −0.150    1.306  1.420
Note: E sum of electronic energies; Erel relative energy with respect to the lowest energy conformer; µa, µb, and 
µc, dipole moment components as shown in Figure 3.1. 
Only three of eight different conformers have energy differences which are smaller than 
10 kJ/mol and two conformers have an energy difference which are smaller than 5 kJ/mol. 
One of these two conformers is likely to be observed in the microwave spectrum. The three 
lowest energy conformers are shown in Figure 3.1.  
Figure 3.1. The three lowest energy conformers of (2R,5R)-Cassyrane calculated at the MP2/6-311++G(d,p) 
level.  
In conformer 1 the n-propyl chain attached to the dihydro-furane ring is stretched, taking the 
maximum distance from the tert-butyl group. In conformer 2 and 3 the chain is distorted 
forward or backwards. A weak intramolecular hydrogen bond between the terminal methyl 
group and the oxygen atom might have a stabilizing effect, which would explain why 
conformer 3 is about 4 kJ/mol lower in energy than conformer 2. The dihydro-furane ring is 
almost planar, the oxygen atom has a displacement of only 7.3° out of the ring plane. The 
quantum chemical results for the (2R,5S)-Cassyrane at the MP2/6-311++G(d,p) level are 
given in Table 3.2.  
1 2 3 
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Table 3.2. Quantum chemical results of (2R,5S)-Cassyrane at the MP2/6-311++G(d,p) level. 
conformer E [Hartree] Erel [kJ/ mol] µa [Debye] µb [Debye] µc [Debye] µ [Debye]
1 −544.211380 0.00 0.049    0.400    1.420 1.476
2 −544.208862 6.61 −0.154    −0.816    1.332 1.570
3 −544.208826 6.70 0.212   −0.026    1.340  1.360
4 −544.206339 13.24 0.620    −0.198    1.243  1.403
5 −544.206215 13.56 0.008    −0.547    1.462  1.561
6 −544.206164 13.70 −0.814   0.161    1.135  1.406
7 −544.204817 17.23 0.427    −0.901    1.153  1.525
8 −544.204712 17.51 0.138    −0.591    1.231  1.373
Note: E sum of electronic energies; Erel relative energy with respect to the lowest energy conformer; µa, µb, and 
µc, dipole moment components as shown in Figure 3.2. 
Similar chain-conformations as in the (2R,5R) conformer were also obtained for the 
diastereomer (2R,5S)-Cassyrane.  
The oxygen atom has only a small displacement of −6.5° out of the ring plane for (2R,5S)-
Cassyrane which is in the same order of magnitude as was the case in the corresponding 
diastereomer. The three lowest conformers obtained at the MP2/6-311++G(d,p) level are 
shown in Figure 3.2. 
Figure 3.2. Three lowest energy conformers of Quantum chemical results of (2R,5S)-Cassyrane at the MP2/6-
311++G(d,p) level.  
1 2 3 
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3.2.2 Spectral Analysis 
To predict the theoretical microwave spectra of the molecules, the theoretical rotational 
constants of the three lowest energy conformers shown in Figure 3.1 and Figure 3.2 were used 
as an initial guess. Due to a strong predicted dipole moment in c direction, a strong c type 
spectrum was expected for both diastereomers of Cassyrane. Since only very weak dipole 
moments in a direction were obtained from quantum chemical calculations, a type R branches 
could not be used for the further spectroscopic analysis of Cassyrane. However, the measured 
spectrum possessed eye-catching doublet structures, which could be used for the assignment. 
This way, two sets of very accurate rotational and centrifugal distortional constants were 
obtained from the microwave spectrum of Cassyrane using the xiam code[6] and Watson’s A
reduction,[7] I r representation, which were then compared to the rotational constants of all 
conformers obtained from the ab initio calculations at the MP2/6 311++G(d,p) level. The 
microwave spectroscopic results for both observed conformers are shown in Table 3.3. In the 
range of 9–15 GHz 115 lines were measured for Cassyrane, of which 59 lines were assigned 
to conformer 1, and 42 lines to the second conformer of Cassyrane. An example for a typical 
Doppler doublet of a c type line of conformer 1 is shown in Figure 3.3. The line width is 
about 29.7 kHz (FWHH) and the line is slightly broadened, which is probably due to internal 
rotation of the methyl groups or due magnetic coupling effect of the protons. This is in 
agreement with some sample calculations which were performed at the B3LYP/6-
311++G(d,p) level to determine the barrier height to internal rotation of the 5 methyl groups. 
The barrier heights are all in the range from 990 cm−1 to 12250 cm−1 and therefore do not 
cause any observable splitting in the spectrum.  
Some 14 lines were quite weak and remained unassigned. They might be attributed to 
vibrationally excited states or a huge number of isotopologues. For the first set of rotational 
constants the xiam fit yielded a standard deviation of 2.5 kHz which is slightly bigger than the 
usual experimental accuracy, but is probably due to internal rotation effects. The standard 
deviation obtained for the second set of rotational constants is 1.9 kHz. However, here δK 
could not be fitted due to high correlations with other constants and was therefore set to zero. 
Both observed conformers are asymmetric tops with asymmetry parameters of 0.36 and 0.22 
for conformer 1 and conformer 2, respectively. The lists of frequencies included in the fits are 
given in the Appendix (see Table B1-B2).  
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Table 3.3. Microwave spectroscopic data and quantum chemical constants of the stereoisomers of Cassyrane. 
Constant Unit Conformer 1  Conformer 2  
A GHz 0.85572511(55)  0.87535362(95) 
B GHz 0.74545173(20)  0.73161093(26) 
C GHz 0.50849730(33)  0.50873267(57) 
∆J kHz 0.0177(14)  0.0285(26) 
∆JK kHz 0.0605(44)  –0.0494(72) 
∆K kHz –0.0273(37)  0.1331(54) 
δJ kHz 0.00589(57)  0.00582(78) 
δK kHz 0.0268(17)  0.0 
σ kHz 2.5  1.9 
κ  0.36  0.22 
N  59  42 
Note: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation)[7]; σ standard deviation of the fit; κ Ray’s asymmetry parameter;[8] N total number of fitted lines. 
For conformer 2 δK was set to 0 due to a high correlation with other centrifugal distortion constants. For both, the 
MP2 and B3LYP calculations, the basis set 6-311++G(d,p) was used. Relative deviations in percent are given 
with respect to the experimental value. Errors of the experimental data given in parentheses are in unit of the last 
digit.   
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Figure 3.3. Doppler doublet of a c type transition of conformer 1. The line width is about 29.7 kHz (FWHH). 
Note that the line is slightly broadened due to internal rotation of the methyl groups or due magnetic coupling 
effect of the protons.  
To determine the conformers observed in the molecular beam, the experimental constants had 
first to be compared to all conformers obtained at the MP2/6-311++G(d,p) level. Figure 3.4 
and Figure 3.5 show graphical representations of the experimental constants of conformer 1 
compared with the ab initio constants optimized at the MP2/6-311++G(d,p) level for the 
(2R,5R)-conformers and the (2R,5S)-conformers of Cassyrane, respectively. The conformers 
are arranged in the same order as in Table 3.1 and Table 3.2. Obviously, there are some 
conformers which are in tolerable agreement with the experimental constants. Still, the 
theoretical constants obtained for the like-Cassyrane diastereomer are the one that fit best with 
the experimental constants.  
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A, B, C [GHz]
Figure 3.4. Graphical representation of the experimental rotational constants of conformer 1 compared with the 
ab initio constants optimized at the MP2/6-311++G(d,p) level for the (2S,5S)-diastereomer of Cassyrane. The 
horizontal lines represent the experimental constants. 
A, B, C [GHz] 
Figure 3.5. Graphical representation of the experimental constants of conformer 1 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5S)-diastereomer of Cassyrane. The horizontal 
lines represent the experimental constants. 
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Since the racemic diastereomeric mixture of Cassyrane was used to record the spectrum, 
samples of the pure stereoisomers (2S,5S)-, (2R,5S)-, (2S,5R)- and (2R,5R)-Cassyrane were 
used to confirm the assignment of the different diastereomers. The transitions included in the 
fit were only observed for the enantiomeric pure samples of (2S,5S)- and (2R,5R)-Cassyrane. 
This way, the conformer 1 of the unlike-Cassyrane (see Figure 3.5) could be excluded and 
conformer 1 of the like-Cassyrane (see Figure 3.4) was assigned to the experimental constants 
with certainty. The assignment of the relative stereochemistry was also in accord with 
NOESY NMR.[3]  
On an analogous route, the second set of experimental rotational constants was compared with 
the theoretical rotational constants of all Cassyrane conformers. The graphical representations 
are shown in Figure 3.6 and Figure 3.7. In opposite to the rotational set of like-Cassyrane, 
only the theoretical constants obtained for conformer 1 of unlike-Cassyrane seem to be in 
good agreement with the experimental constants. This is also in agreement with the 
measurements of the pure enantiomeric samples of (2R,5S)- and (2S,5R)-Cassyrane. 
A, B, C [GHz] 
Figure 3.6. Graphical representation of the experimental constants of conformer 2 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2S,5S)-diastereomer of Cassyrane. The horizontal 
lines represent the experimental constants.    
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A, B, C [GHz] 
Figure 3.7. Graphical representation of the experimental constants of conformer 2 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5S)-diastereomer of Cassyrane. The horizontal 
lines represent the experimental constants. 
The recorded spectrum of the racemic sample of Cassyrane is shown in the upper trace of 
Figure 3.8. The theoretical spectra of both diastereomers predicted using the xiam code at a 
temperature of 1 K are shown in the lower trace. Due to the strong asymmetry of the 
molecule, K transitions up to 7 were observed, which is rather unusual. Nevertheless, it should 
be noted that due to unstable measuring conditions (see experimental section) the intensities 
of the broad band scan cannot be relied on.     
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Figure 3.8. Recorded spectrum of Cassyrane (upper trace) and the theoretical spectra of both diastereomers 
(Black: like-Cassyrane, red: unlike-Cassyrane) predicted using the xiam code at a rotational temperature of 1 K 
(lower trace) in the frequency range from 9 to 14 GHz. The intensities are given in arbitrary units. It should be 
noted that due to unstable measuring conditions (see experimental section) the line intensities are not reliable. 
Unassigned lines might be attributed to another conformer which possesses higher energy or to a large number of 
isotopologues.    
Additionally, quantum chemical calculations were carried out at the B3LYP/6-311++G(d,p) 
level for the conformers observed in the molecular beam, where harmonic frequency 
calculations were used to verify the nature of the stationary points. The quantum chemical 
results for the observed diastereomers of Cassyrane at the MP2/6-311++G(d,p) level and at 
the B3LYP/6-311++G(d,p) level are summarized in Table 3.4. The calculated coordinates are 
considered correct, since the rotational constants obtained at the MP2/6-311++G(d,p) level 
agreed with the experimental values within less than 1%. The gas-phase structures of the of 
the most fruity cassis odorant (2S,5S)-Cassyrane and the most powerful Cassyrane 
stereoisomer (2S,5R)-Cassyrane which were calculated at the MP2/6-311++G(d,p) level and 
observed in the molecular beam are shown in Figure 3.9. The corresponding Cartesian 
coordinates are given in the Appendix (Table C1-C4). 
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Table 3.4. Data obtained for the observed stereoisomers of Cassyrane at the MP2/6-311++G(d,p) level and at the 
B3LYP/6-311++G(d,p) level. 
  MP2/6-311++G(d,p) B3LYP/6-311++G(d,p) 
Constant Unit (2S,5S) (2S,5R) (2S,5S) (2S,5R) 
A  GHz 0.857 0.876 0.847 0.864 
B  GHz 0.751 0.736 0.736 0.724 
C  GHz 0.512 0.512 0.502 0.502 
E  Hartree –544.210870 –544.211380 –545.885969 –545.886216 
ZPE  Hartree - - –545.570147 –545.570288 
a  Debye 0.19 –0.04 –0.09 –0.05 
b  Debye 0.46 0.40 0.45 0.38 
c   Debye 1.37 1.42 1.25 1.28 
 Debye 1.46 1.48 1.33 1.34 
Note: E total electronic energy; ZPE electronic energy including zero point energy; a, b, c dipole moment 
components in the principal axis system of inertia as given in the Appendix (see Table C1-C4). 
 
Figure 3.9. Gas-phase structures of the most fruity cassis odorant (2S,5S)-Cassyrane (left) and the most 
powerful Cassyrane stereoisomer (2S,5R)-Cassyrane (right) observed in the molecular beam.  
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3.3 Hydrogenated Cassyrane
After the microwave spectrum of Cassyrane had been successfully measured and assigned, 
and all olfactory properties of its stereoisomers had been determined, it seemed interesting to 
investigate its hydrogenated derivative dihydro-Cassyrane 2. By removal of the C-C double 
bond through hydrogenation of Cassyrane, the molecule gains higher flexibility of the ring 
which obviously has a direct influence on the olfactory properties of the enantiomers. The 
olfactory properties of all enantiomers of dihydro-Cassyrane are shown in Scheme3.4.  
Scheme 3.4. Olfactory properties of the stereoisomers of hydrogenated Cassyrane.[3]  
3.3.1 Quantum Chemical Results 
Compared to Cassyrane, the flexibility of the ring in 2 increases the number of expected 
conformers. In the microwave spectrum however, no line splitting due to ring puckering is 
expected to be observed, since the alkyl substituents attached to the ring prevent 
conformational transformation to equal minima, as needed to observe ring puckering motions 
in the spectrum.  
Like Cassyrane, all dihydro derivatives were prepared in the working group of P. Kraft from 
Givaudan and provided for the microwave experiments. First the racemic mixture of 2 was 
measured and the assignment of the spectra was later confirmed with somr high resolution 
measurements of the enantiomeric pure samples of like- and unlike-2. Altogether, 30 
conformers were obtained by calculations at the MP2/6-311++G(d,p) level: 15 for like-2
(2R,5R-2) and 15 for unlike-2 (2R,5S-2). Figure 3.10 and Figure 3.11 show the five lowest 
energy conformers of like-2 and unlike-2, respectively. Some results of the quantum chemical 
calculations are given in Table 3.5 and Table 3.6. Similar to the results obtained for Cassyrane 
at the same level of theory, the molecules possess 
direction, while the dipole moments in 
the spectrum, the rotational constants of the lowes
were used as initial guess. Since the racemic sampl
each stereoisomer was expected to be found in the molecular beam.  
Figure 3.10. Conformers of (2R,5R)
Table 3.5. Quantum chemical results of (2
conformer E [Hartree]
1 −545.426313
2 −545.424488
3 −545.422941
4 −545.422833
5 −545.422506
Note: E sum of electronic energies; 
µc, dipole moment components, the sign refers to the n
3 
high dipole moment com
a and in b direction are considerably low. To assign 
t energy conformers of each stereoisomer 
e was measured, at least one conformer of 
-2 with relative energies below 10 kJ/mol.  
R,5R)-2 at the MP2/6-311++G(d,p) level.  
Erel [kJ/ mol] µa [Debye] µb [Debye] µc [Debye]
0.00 −0.1220 0.441 1.443
4.79 0.1114 −0.403 1.514
8.85 −0.2416 0.555 1.451
9.14 −0.5019 −0.160 1.384
9.99 0.2094 −0.714 1.353
Erel relative energy with respect to the lowest energy conformer; 
uclear coordinates as shown in Figure 3.10.
1 2 
4 
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ponents in c
   
µ [Debye]
1.514
1.571
1.572
1.511
1.613
µa, µb, and 
5 
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Figure 3.11. Conformers of (2R,5S)
Table 3.6. Quantum chemical results of 
conformer E [Hartree]
1 −545.426624
2 −545.423530
3 −545.423203
4 −545.422839
5 −545.422575
Note: E sum of electronic energies; 
and µc, dipole moment components, the sign refers to the nu
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-2 with relative energies below 10 kJ/mol.  
(2R,5S)-2 at the MP2/6-311++G(d,p) level  
Erel [kJ/ mol] µa [Debye] µb [Debye] µc [Debye]
0.00 −0.041 0.354 1.477
8.12 −0.024 −0.325 1.520
8.98 0.548 −0.648 1.290
9.94 −0.134 −0.407 1.487
10.63 −0.126 0.620 −1.404
Erel relative energy with respect to the lowest energy c
clear coordinates as shown in Figure 3.11.
4 
2 1 
µ [Debye]
1.520
1.554
1.542
1.547
1.540
onformers; µa, µb, 
5 
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3.3.1 Spectral Analysis 
In the range of 9–14 GHz 149 lines of 2 were measured, 75 lines were assigned to conformer 
1 and 65 lines to conformer 2. Only 9 weaker lines remained unassigned. The microwave 
spectroscopic data is given in Table 3.7. 
Table 3.7. Microwave spectroscopic data and quantum chemical constants of the stereoisomers of dihydro-
Cassyrane. 
Constant Unit Conformer 1  Conformer 2 
A GHz 0.81225157(18)  0.83285824(29) 
B GHz 0.734234120(78)  0.71904648(12) 
C GHz 0.502004166(54)  0.501751068(95) 
∆J kHz 0.01727(48)  0.02241(70) 
∆JK kHz 0.0494(22)  –0.0464(33) 
∆K kHz –0.0280(16)  0.1222(22) 
δJ kHz 0.00555(23)  0.00797(34) 
δK kHz 0.02392(56)  –0.00925(87) 
σ kHz 1.2  1.6 
κ  0.50  0.31 
N  75  65 
Note: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation); [7] σ standard deviation of the fit; κ Ray’s asymmetry parameter; [8] N total number of fitted lines. 
Errors of the experimental data given in parentheses are in unit of the last digit.  
The assigned conformers are asymmetric top with asymmetry parameters of 0.50 and 0.31. In 
both cases highly accurate sets of rotational and centrifugal distortion constants were 
obtained. Transitions up to J=13 and K=8 were observed. The standard deviations of the fits 
are below 2 kHz and are within the experimental accuracy. Some lines seemed slightly 
broadened, but only in a few cases split due internal rotation of the methyl groups or due to 
magnetic coupling effects of the protons. Most lines were rather narrow. Two Doppler 
doublets are shown in Figure 3.12 and Figure 3.13. The Doppler doublet shown as examples 
in Figure 3.12 is additionally split. The center frequency of the doublet on the right hand side 
was assigned to the c transition 93,782,7 with an Obs.−Calc. (observed frequency minus 
calculated frequency) of 2.0 kHz, while the doublet on the left hand side remained 
unassigned. According to the line broadening of the doublet it might be assumed that the 
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effect is due to internal rotation of the methyl groups or due to magnetic coupling effect of the 
protons. Some sample calculations were carried out at the B3LYP/6-311++G(d,p) level to 
determine the barrier to internal rotation for the lowest energy conformer of (2R,5R)-2. All 
methyl groups have barriers to internal rotation which are above 1000 cm−1, the highest 
barrier was obtained for one of the tert-butyl methyl groups with 1350 cm−1. This is in 
agreement with the experimental observation where no line splitting was observed. The 
doublet shown in Figure 3.13 has a line width of only ~7.5 kHz. No significant contribution 
from internal rotation or magnetic coupling effect of the protons is observed. Most measured 
lines resemble the doublet shown in Figure 3.13. A broadband scan of hydrogenated 
Cassyrane in the frequency range from 9000 to 14000 MHz is shown in Figure 3.14 (upper 
trace). In the lower trace the theoretical spectra of both conformer (Black: conformer 2, red: 
conformer 1) predicted for a temperature of 1 K using the xiam code are given. It should be 
noted that due to unstable measuring conditions (see experimental section) the line intensities 
obtained from the broad band scan are not reliable. A few unassigned lines might be attributed 
to another conformer which possesses higher energy or to a large number of isotopologues. 
The intensities are given in arbitrary units.  
Figure 3.12. Doppler doublet of a c type transition of like-Cassyrane. Note that the line is broadened, probably 
due to weak internal rotation of the methyl groups or due magnetic coupling effect of the protons.  
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Figure 3.13. Doppler doublet of a c type transition of like-Cassyrane. The line width is about 7.5 kHz (FWHH). 
No significant contribution from internal rotation or magnetic coupling effect of the protons is observed. 
Since conformer 1 and conformer 2 possess very similar rotational constants (especially the C
constants) the microwave spectra are strongly overlapping. This was also the case for the 
assignment of Cassyrane and its stereoisomer accomplished with the help of characteristic 
doublet or quartet structures which were observed for conformer 1. After assigning some 
lines, transitions of the Q branches were predicted, searched, and included in the fit by trial 
and error. After assigning all the transitions of conformer 1, they were removed from the scan 
and the remaining lines were assigned to conformer 2. Figure 3.15 shows a magnified part of 
the scan in the frequency range from 12200 to 12400 MHz. The calculated frequencies are in 
good agreement with the frequencies from the scan. It should be noted that the line width in 
the scan corresponds roughly to the width of the cavity mode of 1 MHz and does not reflect 
the much narrower “real” line width obtained from a high resolution measurement.  
After the spectral analysis was successfully completed, the experimental sets of rotational 
constants had to be assigned to the corresponding ab initio geometry obtained at the 
MP2/6-311++G(d,p) level. Therefore, a graphical representation of the experimental constants 
of conformer 1 compared with the ab initio constants optimized at the MP2/6-311++G(d,p) 
level for the different conformers of (2R,5R)-2 and (2R,5S)-2 are given in Figure 3.16 and 
Figure 3.17, respectively. A list of all measured lines included in the fits is given in the 
Appendix (see Table B3-B4). 
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Figure 3.16. Graphical representation of the experimental constants of conformer 1 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5R)-2. The horizontal lines represent the 
experimental constants. 
Figure 3.17. Graphical representation of the experimental constants of conformer 2 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5R)-2. The horizontal lines represent the 
experimental constants. 
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There is only one set of theoretical rotational constants (conformer 1) of (2R,5R)-2 which is in 
good agreement with the first set of  experimental constants. From the calculated geometries 
of (2R,5S)-2, conformer 1 and conformer 3 are close to the second set of experimental 
constants. However, the deviation for the A and the B constants are higher than usual. To 
confirm the assigned of the experimental constants of conformer 1, selected transitions from 
the fit were remeasured using samples of the pure enantiomer.  The fitted lines could only be 
observed using the samples of like-2. Accordingly, conformer 1 is the lowest energy 
conformer of (2R,5R)-2.  
In a similar way, the rotational constants of conformer 2 were assigned to the corresponding 
ab initio structures. Figure 3.18 and Figure 3.19 give analog graphical representations for the 
experimental constants of conformer 2. Thus, conformer 2 corresponds to the lowest energy 
conformer of  (2R,5S)-2. The assignment was also confirmed using the enantiomeric samples.
Figure 3.18. Graphical representation of the experimental constants of conformer 1 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5R)-2. The horizontal lines represent the 
experimental constants (set 1). 
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Figure 3.19. Graphical representation of the experimental constants of conformer 2 compared with the ab initio
constants optimized at the MP2/6-311++G(d,p) level for the (2R,5S)-2. The horizontal lines represent the 
experimental constants (set 2). 
After assigning the corresponding structures to the sets of experimental constants, 
comparative calculations at the B3LYP/6-311++G(d,p) level of theory were performed to 
verify the quality of the calculation. Furthermore harmonic frequency calculations were 
carried out at the B3LYP/6-311++G(d,p) level to verify the nature of the stationary point. The 
rotational constants obtained at the MP2/6-311++G(d,p) level agreed with the experimental 
values within less than 1%, the deviation obtained by DFT calculations at the B3LYP/6-
311++G(d,p) level are slightly higher but are still below 1.5%.  Figure 3.20 shows the gas-
phase structures of the most fruity dihydro isomer of Cassyrane (2S,5S)-2 (left) and the most 
powerful dihydro derivative of Cassyrane stereoisomer (2S,5R)-2 observed in the molecular 
beam. The corresponding Cartesian coordinates are given in the Appendix (Table C5-C8). 
The quantum chemical results for the observed diastereomers of Cassyrane are given in 
Table 3.8.  
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Table 3.8. Data obtained for the observed stereoisomers of dihydro Cassyrane at the MP2/6-311++G(d,p) level 
and at the B3LYP/6-311++G(d,p) level. 
  MP2/6-311++G(d,p) B3LYP/6-311++G(d,p) 
Constant Unit (2S,5S) (2S,5R) (2S,5S) (2S,5R) 
A GHz 0.816 0.838 0.802 0.822 
B GHz 0.739 0.723 0.727 0.713 
C GHz 0.505 0.505 0.496 0.496 
E Hartree –545.426313 –545.426624 –547.116368 –547.116422 
ZPE Hartree - - –546.775848 –546.775989 
a Debye –0.13 –0.05 –0.10 –0.09 
b  Debye 0.44 0.35 0.42 0.32 
c  Debye 1.44 1.48 1.29 1.33 
 Debye 1.51 1.52 1.36 1.37 
Note: E sum of electronic energy; ZPE sum of electronic and zero point energies; dipole moment components in 
the principal axis system of inertia the sign refers to the nuclear coordinates as given in the Appendix (see 
Table C5-C8). 
Figure 3.20. Gas-phase structures of the most fruity dihydro isomer of cassyrane (2S,5S)-2 (left) and the most 
powerful dihydro derivative of Cassyrane stereoisomer (2S,5R)-2 (right) observed in the molecular beam. 
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3.4 Cat Ketone 
3.4.1 Introduction 
Cat ketone is a natural component of blackcurrant and Sauvignon grapes that is a major 
contributor to the cassis bud aroma. Interestingly, its detection threshold is very low and only 
very small concentrations will give the typical blackcurrant aroma. In higher concentration it 
has a strong, repellent, sulfurous smell which also reminds of concentrated tomcat urine.[9,10]
Probably due to its strong sulfurous character, cat ketone does not find its use in perfumery 
but only as a flavor compound, usually as a 1% solution in triethyl citrate. For the microwave 
experiment, the substance was purchased from ABCR GmbH & Co KG, Karlsruhe, Germany 
with 98% purity and used without further purification. However, although the sulfurous 
character of this molecule seems to be a great disadvantage to its usefulness, removing the 
thiolgroup or only replacing it with a methyl group yields a total loss of the fruity blackcurrant 
note. 4,4-dimethylpentan-2-one, 4-methylpentan-2-one, and 4-hydroxy-4-methylpentan-2-one 
shown in scheme 3.5 provide a more solvent-like odor. 

Scheme 3.5. Overview of cat ketone and structurally related molecules. 
In addition to being of major interest for structure-odor-correlations, cat ketone possesses a 
methyl group within the acetyl group with a barrier to internal rotation, which can be 
determined very accurately using MB-FTMW spectroscopy. Due to the thiol group in relative 
proximity to the oxygen atom, an intramolecular hydrogen bond is probably formed to 
stabilize the lowest energy conformer.  
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3.4.2 Quantum Chemical Results  
For the structural analysis of cat ketone several start geometries were created by rotation 
around the rotable bonds and optimized at the MP2/6-311++G(d,p) level of theory to find 
energy minima on the potential energy surface. Altogether, 18 different energy minima were 
found and harmonic frequency calculations were carried out to verify the nature of the 
stationary points. All conformers have relative energies below 15 kJ/mol, 15 of them have 
energies below 10 kJ/mol. An overview of the lowest energy conformers calculated at the 
MP2/6-311++G(d,p) level with relative energies below 5 kJ/mol is shown in Table 3.9. The 
lowest energy conformer is stabilized by a weak intramolecular hydrogen bond (SH…O ~ 
2.35 Å). The conformer of Cs symmetry is about 6 kJ/mol higher in energy than the lowest 
energy conformer calculated at the MP2/6-311++G(d,p) level. The geometries of the lowest 
energy conformers are shown in Figure 3.21.  
Table 3.9. Quantum chemical results for the lowest conformers of cat ketone optimized at the MP2/6-
311++G(d,p) level.  
Conformer ∆Erel ∆ZPErel A/ GHz B/ GHz C/ GHz µa µb µc
1 0.00 0.00 2.477 1.132 1.038 –0.991 –2.698 2.551 
2 1.74 2.56 2.321 1.221 1.115 –1.979 –1.885 –0.156 
3 4.07 3.89 2.910 0.996 0.897 2.373 –0.864 1.008 
4 4.15 4.78 2.301 1.236 1.073 –0.322 1.275 3.424 
5 4.18 3.91 2.915 0.995 0.896 2.570 –1.082 0.585 
6 4.39 5.53 2.468 1.222 1.008 –2.864 –3.002 1.644 
7 4.91 5.89 2.878 1.017 0.942 1.882 –0.422 –0.546 
Note: Erel relative energy with respect to the lowest energy conformer; ZPErel sum of electronic energies with 
respect to the lowest energy conformer; µa, µb, and µc, dipole moment components in the principal axes of 
inertia, the sign refers to the nuclear coordinates as given in the Appendix (Table C9-C15). 
As can be seen in Figure 3.21, conformer 1 and conformer 2 differ only in the orientation of 
the dihedral angle =∠(O1-C2-C3-C4). According to harmonic frequency calculations, there 
is a low torsional vibration around the angle . The same is observed between conformer 3 
and conformer 5 where the deviation of  is even smaller. The low torsional vibrations of 
approximately 40-50 cm-1 indicate a large amplitude motion around . Therefore, the 
potential energy curve for the rotation around  was calculated at the MP2/6-311++G(d,p) for 
conformer 1. To have a comparison of the broadness of the concerned energy minima on the 
38 
potential energy curve, the calculations were repea
The potential energy curves are shown in Figure 
Figure 3.21. Lowest energy conformers of cat ketone calculated a
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Figure 3.22. Potential energy curve for the torsion around the angle ∠(O1-C2-C3-C-4) optimized at the 
MP2/6-311++G(d,p) level and at the B3LYP/6-311++G(d,p) level. The position of the thiol group was kept 
constant, while the rest of the molecule was allowed to relax during optimization. The energies are given with 
respect to the lowest energy conformer at −10°.
As can be seen in Figure 3.22 the potential energy curves for the torsion around the angle 
=∠(O1-C2-C3-C-4) have a similar trend for both computational methods. It can be said that 
the potential obtained at the MP2/6-311++G(d,p) level shows a rather broad minimum around 
−10° for the lowest energy conformer of cat ketone. According to the potential energy curves 
this conformer is likely to be observed in the microwave spectrum.  
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3.4.3 Spectral Analysis
For the prediction of the microwave spectrum the rotational constants of conformer 1 and 
conformer 2 were used as an initial guess. In the case of conformer 1, a sufficiently strong 
dipole moment in a direction was predicted and first attempts to assign the microwave 
spectrum were performed using the R branches predicted in the frequency range from 9000 to 
14000 MHz. However, due to a huge number of observed transitions arising from the line 
splitting arising from the internal rotation of the methyl group in proximity of the keto group, 
the assignment of the A species using a rigid rotor approximation did not succeed at first. 
Therefore, to obtain a idea on the barrier heights of the methyl groups in the molecule, sample 
calculations were carried out at the MP2/6-311++G(d,p) level to determine the barriers to 
internal rotation. The corresponding potential energy curves for all three methyl groups are 
shown in Figure 3.23. It should be noted that the methyl groups in proximity to the thiol group 
are eclipsed at a torsional angle of 0°. The methyl group in proximity to the keto group is also 
eclipsed with respect to the C-O double bond. Only the methyl group in proximity to the keto 
group which was found to have a barrier height around 140 cm−1 causes observable splitting 
in the spectrum. The barrier heights of the methyl groups in proximity to the thiol group were 
found above 1300 cm−1, i.e. they are highly hindered and internal rotation cannot be observed 
in the spectrum. 
After knowing the approximate barrier heights of the methyl groups, a prediction of the E 
species was pursued using the internal rotor data from the ab initio calculation at the MP2/6-
311++G(d,p) level and an estimated barrier height of 200 cm-1. This time, the A and E species 
lines of the R branches were assigned simultaneously using the xiam code. This approach 
succeeded and after assigning the A and the E species of the strongest a-type R branches, the 
E species lines were temporarily removed from the fit and the b  and c type transitions of the 
A species were added to a new rigid rotor fit via trial and error. 
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Figure 3.23. The potential energy curves for the internal rotation of all three methyl groups of cat ketone. Only 
the lowest energy barrier of the methyl group in proximity to the keto group will cause observable splitting in the 
spectrum. At a torsional angle of 0°, the orientation of the methyl groups is eclipsed with respect to the 
neighboring molecular fragment. 
Table 3.10 shows the rigid rotor fit for the A species of the most abundant conformer 
observed under molecular beam conditions. Altogether, 61 lines were assigned and the 
standard deviation of the fit is 9.2 kHz. This is slightly higher than our experimental accuracy 
of 2 kHz. However, the transitions with the highest deviation (observed frequency −
calculated frequency) are usually of higher K transitions (K=5). The frequency list for the A 
species of the rigid rotor fit is given in the Appendix (see Table B5).   
42 
Table 3.10. Rigid rotor fit for the A species of cat ketone. The deviation in percent is given with respect to the 
theoretical rotational constants at the MP2/6-311++G(d,p) level and at the MP2/6-311++G(3df,2pd) level. 
Note: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation);[7] σ standard deviation of the fit; κ Ray’s asymmetry parameter; [8] N total number of fitted lines. 
Errors of the experimental data given in parentheses are in units of the last digit.  
Obviously, the experimental rotational constants are in good agreement with the theoretical 
constants of conformer 1 calculated at the MP2/6-311++G(d,p) level. The deviation is below 
1% for all three rotational constants. Nevertheless, the geometry of conformer 1 was 
recalculated at the MP2/6-311++G(3df,2pd) level to include more polarization functions for 
the sulfur. However, the optimized geometry at the MP2/6-311++G(3df,2pd) level were not in 
better agreement with the experimental constants than those obtained at the MP2/6-
311++G(d,p) level. Instead, for the geometry obtained at the MP2/6-311++G(3df,2pd) level 
the deviation is above 1% for the B and for the C constants, which does not agree with our 
usual observations (compare Chapter 3.2 and 3.3). To determine the structure of the most 
abundant conformer in the molecular beam, the rotational constants of the A species are 
sufficient. However, to obtain information about the internal rotor and the barrier height of the 
methyl group, it is inevitable to assign the corresponding E species. Especially, in order to be 
able to determine the remaining amount of unassigned lines in the spectrum which might 
belong to another conformer or to some isotopic species.    
After assigning the A species therefore, the E species had to be assigned. This was pursued 
using the first fit containing only 8 lines of the E species which belong to the two a type R
branches in the frequency range from 10000 MHz to 14000 MHz. This first fit reached a 
standard deviation of about 10 kHz. This is not surprising as the E species is known to cause 
some difficulties for the assignment and the standard deviation is usually higher than for the 
corresponding rigid rotor fit. Using the new fitted constants from the temporary fit, more E 
species transitions were predicted and found to be present in the spectrum. However, after 
Constant Unit Conformer 1 MP2/6-311++G(d,p) MP2/6-311++G(3df,2pd) 
A GHz 2.4901184(92) 2.4768 (0.53%) 2.4951 (−0.20%) 
B GHz 1.12951520(40) 1.1321 (−0.23%) 1.1445 (−1.33%) 
C GHz 1.02883994(36) 1.0378 (−0.87%) 1.0495 (−2.00%) 
∆J kHz 0.1313(32)   
∆JK kHz 0.781(13)   
∆K kHz −0.198(24)   
δJ kHz −0.0211(31)   
δK kHz 1.347(90)   
σ kHz 9.2   
  −0.86   
N  61   
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including the predicted lines in the fit, the standard deviation increased to 150 kHz. This is far 
too high, but sereval attempts to lower the standard deviation by fitting different internal rotor 
parameter remained unsuccessful. Assignment of the E species using Erham[11] and spfit 
(Pickett’s program)[12] also failed, indicating that this problem arises from some molecular 
effect that cannot be described at this point using the current theoretical approach. The 
problem is very likely to arise from some unknown effect since it is know from previous 
experience that low barriers, such as in acetates (~100 cm-1) as well as higher barriers can be 
determined sufficiently good using the xiam code. Another explanation might be that the 
problem arises from the dynamic of the molecule, probably a large amplitude e.g. of the 
ketogroup. As previously mentioned, the theoretical frequencies obtained from harmonic 
frequency calculations at the MP2/6-311++G(d,p) level showed a low torsional vibration of 
45 cm-1 around the dihedral angle =∠(O1-C2-C3-C4). Due to this low vibration, the 
isobutyl-thiol group might couple with the methyl group during internal rotation. Therefore, 
the fit was repeated by treating cat ketone as a pseudo two top molecule. The moment of 
inertia of the isobutyl thiol group was used as a theoretical moment of inertia for the second 
rotor. The barrier for the second rotor was fixed to 180 cm-1. An illustration of this idea is 
presented in scheme 3.6.  
Scheme 3.6. Two possibilities of treating the internal rotation of cat ketone (left: usual way using of one top 
only; right: treating the molecule as a pseudo two top problem). 
However, this approach did not improve the standard deviation of fit. Therefore a robust fit, 
where all lines are weighted according to their reciprocal νobs−νcalc values, was used to predict 
and assign more lines from the E species. The microwave spectroscopic results for both fits 
using the one rotor approach are shown in Table 3.11. For the usual fit the centrifugal 
distortion constants were set to the values obtained from the robust fit, since otherwise the 
correlation with other constants was too high. The frequency list of the A and the E species 
including the observed-minus-calculated frequencies (Obs.−Calc.) for the fit and the robust fit 
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is given in the Appendix (see Table B6-B7).  The observed conformer is a near prolate top 
with an asymmetry parameter of −0.86. Altogether, 112 lines could be assigned: 61 transitions 
for the A species and 51 transitions for the E species. The standard deviation of the fit is 
337.1 kHz and hence much higher than the experimental accuracy. The standard deviation 
from the robust fit is 13.2 kHz and indicates that the assigned lines belong to the observed 
conformer, but that there are still some effects from molecular interactions currently not 
included in the model. The barrier to internal rotation turned out to be about 180 cm-1 which is 
approximately in same range as the theoretical prediction at the MP2/6-311++G(d,p) level.  
Table 3.11. Microwave spectroscopic data of the most abundant conformer of cat ketone using the xiam code. 
Notes: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation);[7] internal rotation constants Dpi2J, Dpi2K, Dpi2-, V3, F0, I; angles ∠(i,a), ∠(i,b), ∠(i,c) between 
internal rotor axis i and internal axes a, b, c; standard deviation of the fit σ; number of A and E species lines 
NA/NE; total number of fitted lines Ntot. a) Centrifugal distortion constants were fixed to the values of the robust 
fit. b) Parameter fixed.                                     
After assigning the E species, approximately 80 lines remained unassigned in the spectrum. 
However, these are weak and might be attributed to the 34S isotopic species or to vibrationally 
excited states caused by the SH-group in the molecule. The recorded microwave spectrum in 
constant unit robust fit MP2/6-311++G(d,p) fit MP2/6-311++G(d,p)
A GHz 2.4902(11) 2.4768 (0.52%) 2.49016(61)       2.4768 (0.54%) 
B GHz 1.129187(31)       1.1321 (−0.26%) 1.129216(26)       1.1321 (−0.25%) 
C GHz 1.028011(96) 1.0378 (−0.95%) 1.027988(26)       1.0378 (−0.96%) 
∆J kHz 0.1319(35)  0.1319(35) a)  
∆JK kHz 0.766(15)  0.766(15) a)  
∆K kHz −0.333(27)  −0.333(27) a)  
δJ kHz −0.0213(33)  −0.0213(33) a)  
δK kHz 1.357(98)  1.357(98) a)  
Dpi2J kHz 74.0(5.6)  74.0(5.6)
a)  
Dpi2K kHz −0.00036(14)  −0.00036(14)
a)
Dpi2- kHz 0.000076(23)  0.000076(23)
a)  
V3 GHz 5373(53)  5411(30)   
 kJ . mol-1 2.144(34)  2.159(12)  
 cm-1 179.2(2.9)  180.48(99)  
F0 GHz 156.1(1.3)  158.0
b)        
I u Å²  3.234(52)        3.198 b)       
∠(i,a) deg 153.786(59)  154.16(29)  
∠(i,b) deg 102.81(21)      102.08(65)       
∠(i,c) deg 67.58(17)       67.52(56)      
σ kHz 13.2  294.8  
  −0.86  −0.86  
NA/NE  61/50  61/50  
Ntot  111  111  
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the frequency range from 10000 MHz to 14000 MHz is show in Figure 3.24. All strong lines 
were assigned to the A or the E species of the lowest energy conformer. It is interesting to see 
that although ab initio calculations at the MP2/6-311++G(d,p) level predict only small energy 
differences between a large amount of conformational species, only one conformer is 
predominantly existent in the molecular beam. Furthermore, since thiols are known to be 
oxidized easily by air, some lines might also be attributed to a “cat ketone dimer”. The 
oxidation of cat ketone to 4,4'-disulfanediylbis(4-methylpentan-2-one) is shown in 
scheme 3.7.   
Scheme 3.7. Oxidation of cat ketone with air. The resulting product might be responsible for some weak 
transitions in the spectrum. 
The broad band spectrum of cat ketone in the frequency range from 10000 MHz to 
14000 MHz is shown in Figure 3.24. Apparently, there is still some problem with the 
reproduction of the intensities, which is probably due to incorrectly predicted dipole moment 
components from the ab initio calculations. The dipole moments used for the prediction of the 
microwave spectrum in Figure 3.24 are the predicted dipole moment components of 
conformer 1 as calculated at the MP2/6-311++G(d,p) level. To get a better agreement of the 
line intensities between the predicted and the measured microwave spectrum, the dipole 
moment in a direction was artificially increased and the b dipole moment was accordingly 
decreased, to retain the absolute value of the dipole moment as obtained for conformer 1 at 
the MP2/6-311++G(d,p) level. The applied dipole moments in Figure 3.25 are thus, 
a=2.65 Debye, b=2.65 Debye, and c=0.82 Debye. In this case, Stark measurements would 
be very useful to determine the dipole moment in each direction. Using the experimental 
values of the dipole moment components would allow to make a more reliable prediction of 
the line intensities in the predicted spectrum. For now, the estimated dipole moment 
components as shown in Figure 3.25 reflect the measured intensities in good approximation.    
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Figure 3.24. Broad band scan of cat ketone in the frequency range from 10000 to 14000 MHz (upper trace) and 
the predicted spectrum using the xiam code at a rotational temperature of 1 K (lower trace; red: E species; black: 
A species). The intensities are given in arbitrary units. It should be noted that due to unstable measuring 
conditions (see experimental section) the line intensities are not reliable. Unassigned lines might be attributed to 
another conformer which possesses higher energy or vibrationally excited states arising from the SH moiety. The 
dipole moment components used for the prediction of the spectrum were obtained from ab initio calculations at 
the MP2/6-311++G(d,p) level.   
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Figure 3.25. Broad band scan of cat ketone as shown in Figure 3.24. To get a reasonable agreement of the line 
intensities, the dipole moment in a direction was artificially increased and the b dipole moment was accordingly 
decreased, to retain the absolute value of the dipole moment as obtained for conformer 1 at the MP2/6-
311++G(d,p) level (see Table 3.10).    
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3.4.4 Comparative Studies
The question remains however, why cat ketone has such a strong, sulfurous, and still 
blackcurrant like odor, while its oxygen and carbon analogues possess only weak solvent-like 
odors. The analogous “cat ketone-like” structures of 4-hydroxy-4-methylpentan-2-one and 4-
methylpentan-2-one were therefore optimized at the MP2/6-311++G(d,p) level. The structures 
are shown in Figure 3.26. The major difference is the size of the sulfur atom, which results in 
specific bond lengths and angles of the molecule. Furthermore, the intramolecular hydrogen 
bond is weaker when sulfur rather than oxygen is involved. An overview over the bond 
lengths and angles is given in Table 3.12. The exchange of sulfur by oxygen or a methyl 
group does not have any effect on the large amplitude motion around the CO-C bond of the 
molecules. For all molecules low vibrational frequencies of 51.77 cm-1, 49.18 cm-1, and 
48.83 cm-1 were obtained from harmonic frequency calculations at the MP2/6-311++G(d,p) 
level for cat ketone, 4-hydroxy-4-methylpentan-2-one, and 4-methylpentan-2-one, 
respectively. As can be seen in Figure 3.26, the structure of cat ketone is very similar to that 
of 4-methylpentan-2-one. In both cases, there seem to be almost no influence on the structure 
of the conformer by a hydrogen bond. This is clear using the example of 4-hydroxy-4-
methylpentan-2-one, where an intramolecular hydrogen bond is responsible for a bending 
angle ∠(O6-C3-C4-C5) of approximately 20 °. The Cartesian coordinates of 4-hydroxy-4-
methylpentan-2-one and 4-methylpentan-2-one are given in the Appendix (see Table C16-
C17).  
Table 3.12. Bond lengths and angles of cat ketone,4-methylpentan-2-one, and 4-hydroxy-4-methylpentan-2-one 
at the MP2/6-311++G(d,p) level.  
Dihedral angle cat ketone 4-hydroxy-4-methylpentan-2-one 4-methylpentan-2-one 
H1-C2-C3-O6 16.5 11.35 15.1 
O6-C3-C4-C5 6.4 20.7 9.2 
C3-C4-C5-X7 61.6 60.1 58. 3 
Angle cat ketone 4-hydroxy-4-methylpentan-2-one 4-methylpentan-2-one 
C5-X7-H8 95.8 105.5 111.4 
Bond Length cat ketone 4-hydroxy-4-methylpentan-2-one 4-methylpentan-2-one 
C5-X7 1.84 1.43 1.53 
X7-H8 1.34 0.97 1.09 
O6-H8 2.35 2.02 2.47 
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Figure 3.26. Confomer of cat ketone present in the molecular beam compared to the optimized structures of 
4-hydroxy-4-methylpentan-2-one and 4-methylpentan-2-one optimized at the MP2/6-311++G(d,p) level (Right: 
side view; left: upper view). 
As already mentioned in the introduction, another important blackcurrant odorant which is 
structurally related to cat ketone, is Corps Cassis sometimes also referred to as cassis 
pentanone. Since the only difference between these odorants is the exchange of the hydrogen 
against a methyl group, the different geometries of Corps Cassis were also calculated at the 
MP2/6-311++G(d,p)  level. The structures of cat ketone and the related corps cassis are shown 
in scheme 3.8. 
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Scheme 3.8. Structure of cat ketone and the related 
Altogether, 13 conformers were optimized at the MP2/6
geometries are shown in Figure 
Table 3.13. The corresponding
Table C18-C26).  
Figure 3.27. Lowest energy conformers of Corps Cassis 
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-311++G(d,p) level.  
3.27. The results from the ab initio calculations are given in 
Cartesian coordinates can be found in the Appendix 
calculated at the MP2/6-311++G(d,p) level. 
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Table 3.13. Quantum chemical results for the lowest energy conformers of corps cassis optimized at the MP2/6-
311++G(d,p) level.  
Conformer ∆Erel ∆ZPErel A/ GHz B/ GHz C/ GHz µa µb µc
1 0.00 0.00 1.716 1.116 0.875 –2.147 1.663 3.117 
2 0.57 1.24 1.660 1.137 0.961 0.528 –0.235 –1.535 
3 1.57 2.36 1.648 1.162 0.939 –1.375 –2.810 0.778 
4 2.02 2.30 2.249 0.807 0.790 0.301 0.638 –1.911 
5 2.39 1.24 2.197 0.825 0.739 –0.217 –3.070 0.093 
6 2.75 3.13 2.199 0.869 0.752 0.762 –3.660 0.902 
7 3.09 3.10 1.929 0.971 0.852 –2.129 0.135 –1.901 
8 3.36 3.96 2.715 0.764 0.722 1.097 –1.650 1.484 
9 3.57 2.79 2.775 0.752 0.687 –0.282 –1.246 –0.044 
Note: Erel relative energy with respect to the lowest energy conformer; ZPErel sum of electronic energies with 
respect to the lowest energy conformer; µa, µb, and µc, dipole moment components as given in the Appendix (see 
Table C18-C26).    
In opposite to cat ketone, the two lowest energy conformers of Corps Cassis have relative 
energies below 1 kJ/mol. It is therefore likely that both lowest energy conformers are 
observed in the microwave spectrum. The two lowest energy conformers of both odorants are 
compared in Figure 3.28. There is no equivalent conformer for Corps Cassis which 
corresponds geometrically to the lowest energy conformer of cat ketone. This is due to the 
sterical repulsion between the sulfide methyl group and the oxygen atom of the keto group. 
Interestingly, the calculated geometry of conformer 2 is very similar for both molecules. 
According to harmonic frequency calculations carried out at the MP2/6-311++G(d,p) level a 
low vibrational frequency of 40 cm−1 is observed around the angle =∠(C2-C3-C4-C5) rather 
than around the angle =∠(O1-C2-C3-C4) as was observed in cat ketone. The potential 
energy curve for the torsion around the angle =∠(C2-C3-C4-C5) was calculated at the 
MP2/6-311++G(d,p) level and is shown in Figure 3.29. 
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Cat ketone conformer 1
Corps cassis conformer 1
Cat ketone conformer 2
Corps cassis conformer 2
Figure 3.28. Lowest energy conformers of cat ketone and Corps Cassis optimized at the MP2/6-311++G(d,p) 
level (left hand side: front view; right hand side: upper view). 
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
Figure 3.29. Potential energy curve for the torsion around the angle ∠(C1-C2-C3-C-4) optimized at the 
MP2/6-311++G(d,p) level. The position of the methyl sulfide group was kept constant, while the rest of the 
molecule was allowed to relax during optimization. The energies are given with respect to the lowest energy 
conformer at 0°.  
  
The potential energy curve yielded three different energy minima. The minima are rather 
sharp and energy barriers to convert the lowest energy conformer into one of the other 
conformers are about 20 kJ/mol or 30 kJ/mol depending on the direction the rotation takes 
place. The rather height barriers lead to the assumption that from these three conformers only 
the lowest energy conformer will be observed in the microwave spectrum. Due to the 
additional methyl group, Corps Cassis has 4 methyl groups which are theoretically able to 
cause line splittings in the spectrum. To estimate the size of the splitting in the spectrum, the 
barrier height was calculated at the MP2/6-311++G(d,p) level for each of the four methyl 
group. The potential energy curves for the internal rotation of the methyl groups are given in 
Figure 3.30. In agreement with the results obtained for cat ketone, the methyl groups in 
proximity to the thiol group possess high barriers above 1400 cm−1. The remaining two 
methyl groups, however, are likely to cause observable splitting in the spectrum. The methyl 
group in proximity to the keto group is estimated to be around 300 cm−1, which is 
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considerably higher than the calculated or the experimental barrier obtained for cat ketone. 
The methyl group of the sulfide also possesses a barrier of about 600 cm−1, which will still 
cause some narrow splitting in the spectrum.  
Figure 3.30. The potential energy curves for the internal rotation of all four methyl groups of Corps Cassis. The 
two lowest energy barriers of the methyl groups in proximity to the keto group and the sulfide are expected to 
cause observable line splitting in the spectrum. At a torsional angle of 0°, the orientation of the methyl groups is 
eclipsed with respect to the neighboring molecule fragment.  

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3.5 Cassis Mercaptan
3.5.1 Introduction 
The 4-methoxy-2-methylbutane-2-thiol, CH3O-C2H4-C(CH3)2SH, sometimes also referred to 
as Cassis mercaptan is naturally found in cassis buds, which are used to produce oils. These 
are used in cosmetics for their strong scent profile.[14] When provided in low concentration 
Cassis mercaptan possesses a fruity blackcurrant odor, which is more herb-like than the fruity 
blackcurrant odor found in cat ketone. In higher concentrations it has a strong typical 
mercaptan malodor, however without the strong catty note of cat ketone. The substance was 
purchased from Penta international corporation, Livingston, New Jersey, USA with 97% 
purity and used without further purification. Generally speaking, Cassis mercaptan and cat 
ketone are structurally closely related. As shown in Scheme 3.9, the difference is the 
exchange of the sp² hybridized keto moiety with the sp³ hybridized methoxy group. Similar to 
the case of Cassyrane and its dehydrogenated stereoisomers, the enhanced flexibility increases 
the numbers of possible conformers in Cassis mercaptan. However, it is imaginable that an 
intramolecular interaction in one of the conformers yields a structure for cassis mercaptan 
which is similar to the cyclic structure of oxane (see chapter 1.2) or another cyclic cassis 
aroma.  

Scheme 3.9. Lewis structures of cat ketone, Cassis mercaptan, and Oxane. Due to the high flexibility of the 
molecule there might be a conformer of Cassis mercaptan has a similar conformation like Oxane. 
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3.5.2 Quantum Chemical Results 
The start geometries were designed by rotating the different groups of the molecule in steps of 
120° around the rotable sp³ hybridized bonds as shown in Scheme 3.9. In some cases also the 
bond around the thiol group was rotated, changing only the position of the hydrogen. At the 
MP2/6-311++G(d,p) level of theory 33 different geometries were obtained for Cassis 
mercaptan. Furthermore, harmonic frequency calculations were carried out to identify the 
nature of the stationary point. The relative energy differences with respect to the lowest 
energy conformer are all below 12.5 kJ/mol, 23 conformers have relative energies that are 
below 10.0 kJ/mol, 10 which are lower than 5 kJ/mol. The quantum chemical results for the 
lowest 10 energy conformers are given in Table 3.14. The optimized geometries for the ten 
lowest energy conformers are shown in Figure 3.31. The conformers are numbered with 
respect to the lowest energy conformers as given in Table 3.14. 
Table 3.14. Quantum chemical results for the lowest energy conformers of cassis mercaptan optimized at the 
MP2/6-311++G(d,p) level. 
Conformer ∆Erel ∆ZPErel A/ GHz B/ GHz C/ GHz µa µb µc
1 0.00 0.00 2.555 1.053 0.962 1.687 –1.246 –0.647 
2 0.72 0.47 2.559 1.059 0.922 2.205 –2.767 0.420 
3 1.13 0.06 2.710 0.938 0.872 0.891 –0.328 –1.292 
4 2.72 3.34 2.365 1.193 1.011 –0.638 –2.167 –1.204 
5 2.88 1.79 2.789 0.823 0.762 0.365 –0.955 0.661 
6 3.39 1.84 2.718 0.939 0.870 0.820 –0.403 0.162 
7 3.57 3.03 3.527 0.825 0.805 –2.737 –1.244 1.472 
8 3.77 3.15 3.539 0.822 0.802 –2.819 –0.705 0.324 
9 3.95 3.77 3.505 0.837 0.810 –2.427 0.220 1.078 
10 4.54 3.00 2.796 0.828 0.764 –0.380 –1.051 1.702 
Note: ∆Erel relative energy with respect to the lowest energy conformer; ∆ZPErel relative sum of electronic and 
zero point energies with respect to the lowest energy conformer; µa, µb, and µc, dipole moment components in 
the principal axis system of inertia as given in the Appendix (Table C27-C36). 
Figure 3.31. Lowest energy conformers of Cassis mercaptan obtain
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3.5.3 Spectral Analysis
For the prediction of the microwave spectrum the rotational constants of the lowest energy 
conformer (conformer 1) was chosen as an initial guess. Fortunately, the calculations 
predicted a strong dipole moment in a direction which encouraged the search of a type R
branches in the spectrum. Altogether, almost all of the predicted conformers given in Table 
3.14 provide a significant dipole moment in a direction which should be sufficiently strong to 
allow for the observation of the a type lines in the spectrum. Using the strong transitions of 
the R branches the J=5J=4 branch was identified and successfully assigned. Thereafter, the 
remaining R branches were predicted and included in the fit, as well as b and c type transitions 
which were added to the fit via trial and error. Altogether, 67 lines were assigned using a rigid 
rotor fit. However, the barrier to internal rotation of the methyl group of the methoxy group is 
low enough to cause observable splitting in the spectrum. The narrow splittings are only 
visible for transitions of higher K level (e.g. K=3, K=4) in the high resolution mode of the 
spectrometer. Sample calculations for the three methyl group of conformer 1 were carried out 
at the MP2/6- 311++G(d,p) level. The potential energy curves for the internal rotation are 
shown in Figure 3.32. The calculated barrier heights are in agreement with the experimental 
findings. 
Figure 3.32. The potential energy curves of the three methyl group of the lowest energy conformer of Cassis 
mercaptan optimized at the MP2/6-311++G(d,p) level.  
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After the assignment of the first conformer was finished, all lines belonging to conformer 1 
were removed from the spectrum and the remaining lines were examined to find another R 
branch belonging to a second conformer. As an initial guess the theoretical rotational 
constants of conformer 2 and conformer 3 were used to predict the spectrum (see Table 3.14 
and Figure 3.31). This way, a weaker R branch (J=6J=5) was found and assigned. The 
remaining lines belonging to the second conformer were predicted and assigned in a similar 
way to the first conformer. Again splitting of the higher K transitions due to internal rotation 
of the methoxy methyl group was observed. The spectroscopic data for both assigned 
conformers are given in Table 3.15.  
Table 3.15.  Microwave spectroscopic data of Cassis mercaptan. 
Constant Unit Conformer 1 Conformer 2 
A GHz 2.5748507(12) 2.681928(80) 
B GHz 1.00330482(67) 0.935983(59) 
C GHz 0.92383019(66) 0.869658(61) 
∆J kHz 0.5040(51) 0.1658(34) 
∆JK kHz 2.801(20) 0.489(16) 
∆K kHz −2.377(40) 0.598(31) 
δJ kHz 0.0565(28) 0.0103(19) 
δK kHz 1.82(26) 0.55(27) 
V3 GHz 24664(19) 24764(12) 
 kJ . mol-1 9.8420(77) 9.8819(48) 
 cm-1 822.72(64) 826.07(40) 
F0 (fixed) GHz 158.00 158.00 
I (fixed) u Å²  3.199 3.199 
∠(i,a) (fixed) deg 0.902 0.819 
∠(i,b) (fixed) deg 89.362 89.421 
∠(i,c) (fixed) deg 89.362 89.421 
  −0.91 −0.93 
σ kHz 5.8 3.8 
NA/NE  67/18 61/24 
Ntot  85 85 
Notes: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation); internal rotation constants V3, F0, I; angles ∠(i,a), ∠(i,b), ∠(i,c) between internal rotor axis i 
and internal axes a, b, c were fixed using the values from ab initio calculations at the MP2/6-311++G(d,p) level; 
standard deviation of the fit σ; number of A and E species lines NA/NE; total number of fitted lines Ntot. 
Altogether, 85 transitions were assigned for each of the observed conformers. Of these 
transitions 18 and 24 transitions were assigned to the E species of conformer 1 and 
conformer 2, respectively. The barriers to internal rotation were determined to be 823 cm-1
and 827 cm-1 which is slightly lower than the predicted theoretical barrier heights. As already 
mentioned above, the splitting due to internal rotation is rather small so that the parameter of 
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the internal rotation such as the angles between the internal rotor axis and principal axes of 
inertia could not be determined and were therefore fixed to values obtained from the ab initio
calculations at the MP2/6-311++G(d,p) level. Two a type transitions of conformer 2 are 
shown in Figure 3.33 and Figure 3.34. For the 63,453,3 a type transition an A-E splitting of 
30.7 kHz is observed, while for the 53,143,2 transition a splitting of 83.3 kHz is observed. 
The line width is approximately equal for both transition and the lines appear broadened if 
compared to low K transitions which might be attributed to magnetic coupling effects of the 
protons. For both conformers highly accurate sets of rotational and centrifugal distortion 
constants were determined. The standard deviations of the fits are 5.8 kHz and 3.8 kHz for 
conformer 1 and conformer 2, respectively. This is slightly higher than the experimental 
accuracy, but not surprising since it is known that the inclusion of the E species usually 
augments the standard deviation of the fit. The highest deviations between the observed and 
the calculated frequencies (obs.−calc.) are observed for transitions where higher K levels are 
involved. A list of all assigned transitions is given in Appendix B (see Table B8-B11). 
Figure 3.33. Doppler doublet of an a type transition of conformer 2. The A-E species split in the range of 
30.7 kHz. It should be noted that the line is slightly broadened due to the internal rotation of the other methyl 
groups and probably also due to magnetic coupling effect of the protons.  
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Figure 3.34. Doppler doublet of an a type transition of conformer 2. The A-E species split in the range of 
83.3 kHz. Note that the line is slightly broadened due to the internal rotation of the other methyl groups and 
probably also due to magnetic coupling effect of the protons.  
Using the constants obtained from the fit, the spectra were calculated using the xiam code at a 
rotational temperature of 1K. A comparison between the measured spectrum and calculated 
spectra is given in Figure 3.35. According to the line intensities and the predicted dipole 
moments, the most abundant conformer in the molecular beam is conformer 1, while 
conformer 2 is slightly less occupied. In the microwave spectrum of Cassis mercaptan about 
120 lines remained unassigned after removing the assigned transitions of the two most 
abundant conformers. However, as can be seen in Figure 3.35 the remaining lines are rather 
weak, so that it can be stated that the two main conformers of Cassis mercaptan have been 
assigned. The remaining transitions might arise from one or even two additional conformers 
which have not yet been assigned. Considering the low relative energy differences which were 
predicted for the different conformers, it is not surprising that a large number of conformers is 
observed in the molecular beam. Another possibility could be presence of the 34S isotologues 
of the two assigned conformers, which have a natural abundance of approximately 4%. 
Furthermore, it should be kept in mind that the rather weak unassigned transitions might 
belong to vibrationally excited states of the SH group. For now, the assigned sets of rotational 
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constants for the two conformers are sufficient for future structure-odor correlation and are 
used in the following section to validate the theoretical geometry optimization at the MP2/6-
311++G(d,p). 
Figure 3.35. Recorded spectrum of cassis mercaptan (upper trace) and the theoretical spectra of both conformers 
(Red: conformer 1; black: conformer 2) predicted using the xiam code at a rotational temperature of 1 K (lower 
trace) in the frequency range from 9 to 14 GHz. The intensities are given in arbitrary units. It should be noted 
that due to unstable measuring conditions (see experimental section) the line intensities are not reliable. 
Unassigned lines might be attributed to another conformer which possesses higher energy or to vibrationally 
excited states arising from the SH moiety.  
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3.5.4 Conformational Analysis
To validate the results from the ab initio calculations graphical representations of all 
calculated rotational constants were compared to the sets of experimental constants. The 
conformers are numbered in the order of the calculated relative MP2 energies with 
conformer 1 being the lowest energy conformer (Erel = 0.0 kJ/mol). Figure 3.36 and 
Figure 3.37 show the comparison for the rotational constants of conformer 1 and conformer 2, 
respectively. In Figure 3.36, none of 33 theoretical conformers is in reasonable agreement 
with the experimental constants. In Figure 3.37, two conformers are in agreement with the 
experimental constants: conformer 3 and conformer 6. For the first set of experimental 
constants, the A constants of the two lowest energy conformers are in good agreement with 
the theoretical constants, but the deviation for the B and C constants in the calculated 
conformer 1 are significantly high. In the case of the calculated conformer 2, only the B 
constant is too high, while the A and the C constants fit quite well. 
Figure 3.36. Graphical representation of the experimental constants of conformer 1 of Cassis mercaptan 
compared with the ab initio constants optimized at the MP2/6-311++G(d,p) level. The horizontal lines represent 
the experimental constants. 
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Figure 3.37. Graphical representation of the experimental constants of conformer 2 of Cassis mercaptan 
compared with the ab initio constants optimized at the MP2/6-311++G(d,p) level. The horizontal lines represent 
the experimental constants. 
First conformer 2, which has two matches with the theoretical constants at the MP2/6-
311++G(d,p) will be considered. The corresponding theoretical conformers are shown in 
Figure 3.38.  
Conformer 3
 Conformer 6 
Figure 3.38. Optimized geometries of conformer 3 and conformer 6 of Cassis mercaptan at the MP2/6-
311++G(d,p) level of theory. Two different views are given (Upper part: conformer 3; lower part: conformer 6). 
The theoretical rotational constants of both conformers are in good agreement with the experimental constants of 
conformer 2 (see Figure 3.37).  
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Due to its low weight, the exact position of the hydrogen atom of the thiol group has only a 
minor effect on the rotational constants (compare Table 3.14). However, the different position 
of the hydrogen atom results in relative energy differences of 2.26 kJ/mol and 1.78 kJ/mol for 
the absolute electronic energies and the sum of the absolute and zero-point energies, 
respectively. In Figure 3.38 it can be seen that there should be a third energy minimum for a 
further orientation of the hydrogen atom on the SH group. For this reason the potential energy 
curve of the rotation of the thiol group was calculated at the MP2/6-311++G(d,p) level by 
varying the corresponding dihedral angle C1-C2-S3-H4 (see Figure 3.38) in steps of 10° and 
optimizing the rest of the molecule. The result is shown in Figure 3.39.      
Figure 3.39. Potential energy curve around the angle =∠ (C1-C2-S3-H4) (for numbering see Figure 3.38) 
optimized at the MP2/6-311++G(d,p) level. The energies in kJ/mol are referred to the lowest energy at 290°. 
Note that during the optimization the dihedral angle around O1-C2-C3-C4 changes by 30° at a 
=∠(C1-C2-S3-H4) of 260° to 330°, yielding a conformer of different heavy atom framework.  
During the optimization process, conformer 3 changes to another conformer within the angle 
range of 260° to 330°. The dihedral angle O1-C2-C3-C4 (for numbering see Figure 3.39) has 
changed by almost 30°, which result in the geometry of conformer 1 which is outlined in 
Figure 3.39 (see also Figure 3.31 and Table 3.14). For this reason, the potential energy curve 
for the rotation of the thiol group was calculated again while fixing the dihedral angle O1-C2-
C3-C4. The results are shown in Figure 3.40. The geometry optimized at a torsional angle of 
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290° was optimized again without fixing any parameters. In this case the geometry 
optimization yields the rotation constant of conformer 1, which is the lowest energy 
conformer found at the MP2/6-311++G(d,p) level. Apparently, the enforced geometry shown 
in Figure 3.40 at an angle  of 280° is not an energy minimum and according to these results, 
the second experimental set of rotational constant obtained from the spectrum (see Table 3.15, 
conformer 2) is presumed to belong to the calculated conformer 3 at the MP2/6-311G(d,p) 
level (see Figure 3.38). 
Figure 3.40. Potential energy curve around the torsional angle =∠ (C1-C2-S3-H4) (for numbering see Figure 
3.38) optimized at the MP2/6-311++G(d,p) level (Black curve: relaxation of dihedral angle =∠ (O1-C2-C3-
C4) as shown in Figure 3.39, red curve: dihedral angle =∠ (O1-C2-C3-C4) fixed to initial value). The red 
curve corresponds to the actual potential energy curve for the rotation of the SH group. The energies are given in 
kJ/mol and are referred to the lowest energy spot of the black curve at 290°.  
One of the conformers with a low energy optimized at the MP2/6-311++G(d,p) level (see 
Table 3.14 and Figure 3.31), conformer 1 or conformer 2, which seem to be stabilized by an 
intramolecular hydrogen bond is very likely to belong to the first set of experimental 
rotational constants. However, as mentioned before, the deviation of the B and the C constants 
is too significantly high to make a reliable distinction between the two energy minima. In the 
case of allyl acetate, a large amplitude motion of the vinyl group against the rest of the 
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molecule was observed. This seemed to cause difficulties for the optimization at the MP2/6-
311++G(d,p) level. By comparing the experimental data with quantum chemical calculations 
a conformer of C1 symmetry was identified, in which the vinyl group is bent by an angle of 
approximately 121.57° with respect to the plane of the C–COO–C backbone. Here the 
calculated A constant did not agree with experimental A constant within the usual range of 
1%. Therefore, in order to obtain better agreement between the observed and the ab initio
rotational constants, the vinyl group was rotated against the molecular frame was varied in 
steps of 1° to find an angle where the deviation of the rotational constants becomes a 
minimum. A correction of approximately 7° around the corresponding dihedral angle yielded 
a deviation for all three rotational constants which is lower than 1%. Apparently, the torsional 
potential of the vinyl group is very shallow and small changes in the interaction between the 
vinyl group and the frame cause big changes in the torsional angle. Since the long range 
interaction between the vinyl group and molecular frame is not satisfactorily treated by most 
quantum chemical methods, very different molecular geometries and rotational constants 
result. Hence, the same correction was used for the theoretical geometries of conformer 1 and 
conformer 2 at the MP2/6-311++G(d,p) level. Thus, different molecular fragments were 
rotated around different bonds as shown in Figure 3.41. 
       Conformer 1                        
       Conformer 2             
Figure 3.41. Optimized geometries for conformer 1 and conformer 2 of Cassis mercaptan at the MP2/6-
311++G(d,p) level of theory. Two different views are given (upper part: conformer 1; lower part: conformer 2). 
The arrows indicate the different rotations that were used for the corrections of the ab initio constants.  
The difference between conformer 1 and conformer 2 is basically the position of the 
CH3-O-CH2- group which can take two positions where in both cases an intramolecular 
1 
2 
3 
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interaction can be observed. During the rotation of two molecular fragments against each 
other, the geometry of the fragments is assumed to be unchanged. For conformer 1, rotations 
around bond 2 and 3 (see Figure 3.41 for numbering) yielded corrected theoretical constants 
which agree within 1% with the experimental values.  The results for the rotation around bond 
2 and bond 3 are shown in Figure 3.42 and Figure 3.44, respectively.   
Figure 3.42. Graphical representation of the percentage deviations between the theoretical and experimental 
rotational constants A, B, C for the rotation of the molecular fragments around bond 2 (for numbering see Figure 
3.41). 
Accordingly, either the rotation of C-SH-(CH3)2 around 6° or the rotation of the CH3-O-CH2- 
group around 15° yielded rotational constants which agree within 1% with the ground states 
experimental constants. Although a correction of 15° seems to be quite large, long range 
interaction between the two molecular parts is very probable and the theoretical calculation of 
this long range interaction depends strongly on the method and the basis set. Therefore, the 
potential energy curve was calculated around the second bond (bond 2, see Figure 3.41), 
where the dihedral angle was varied in steps of 10° while the rest the molecule was allowed to 
optimize freely. The potential energy curve is shown in Figure 3.43. 
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Figure 3.43. Potential energy curve around the angle  of bond 2 (for numbering see Figure 3.41) optimized at 
the MP2/6-311++G(d,p) level. The potential minima of conformer 1 and conformer 2 are rather sharp, therefore 
significant changes of the angle upon small variations in the interaction between the rotating fragments is not 
expected.    
The potential energy curve possesses three unequal energy minimum for Cassis mercaptan. 
Apparently, the potential minima for the concerning conformers 1 and 2 are rather sharp. The 
potential energy minimum of the third conformer seems slightly broader, but the relative 
energy of  5.33 kJ/mol and the enormous deviation of the rotational constants (see conformer 
11 in Figure 3.36 and Figure 3.37) exclude this conformer from the conformational analysis. 
Since the potential energy well of conformer 1 is rather sharp, a correction of the ab initio
geometry yielded by rotation of the molecular parts by 15° as proposed in Figure 3.42 seems 
too high. In the case of rotation around bond 3 however, an agreement below 1% between 
theory and experiment for all three rotational constants is achieved by a correction of 6°. This 
is similar to the case of allyl acetate, where the correction was obtained at 7°. The graphical 
representation of the deviation between theory and experiment for the rotation of the 
molecular parts around bond 3 is shown in Figure 3.44. In the case of the rotation around 
bond 3 for conformer 2 only a better agreement in A and B constants are achieved the C
constants retains a deviation of 5% which is too high. 
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Figure 3.44. Graphical representation of the deviations in percent between the theoretical and experimental 
rotational constants A, B, C for the rotation of the molecular parts around bond 2 (for numbering see Figure 
3.41). 
The rotation of the molecular parts around bond 2 yielded no agreement for the rotational 
constants of conformer 2. Therefore, conformer 1 is considered to be the observed conformer 
in the molecular beam. According to the observed intensities of the two conformers in 
Figure 3.35, it is also the most abundant conformer under molecular beam conditions.               
To compare the relative energies and rotational constants of the conformers obtained by 
different quantum chemical methods, additional calculations were carried out at the B3LYP/6-
311++G(d,p) level of theory, but the results did not give new insight to the problem. A 
comparison of the relative energy differences yielded for both quantum chemical methods is 
shown in Figure 3.45. The conformers are ordered according to the increasing relative 
energies at the MP2/6-311++G(d,p) level. The energies are not exactly the same at the 
B3LYP/6-311++G(d,p) level, but a general trend is still observed. The graphical 
representations of the density functional calculations and the experimental constants are 
shown in Figure 3.46 and Figure 3.47. At the B3LYP/6-311++G(d,p) level none of the 
conformers below 7 kJ/mol is in agreement with the experimental constants. For the 
experimental set of rotational constants of conformer 1 (see Table 3.15) the theoretical 
constants of conformer 12 seem to fit, while for the experimental constants of conformer 2 the 
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theoretical constants of conformer 24 are in good agreement. At a closer look however, both 
can be excluded to be present in the molecular beam. 
Figure 3.45. Comparison of the relative energies of the optimized conformers of Cassis mercaptan at the MP2/6-
311++G(d,p) level and at the B3LYP/6-311++G(d,p) level.   
Figure 3.46. Graphical representation of the experimental constants of conformer 1 compared with the ab initio
constants optimized at the B3LYP/6-311++G(d,p) level for Cassis mercaptan. The horizontal lines represent the 
experimental constants. 
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Figure 3.47. Graphical representation of the experimental consta
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experimental constants.  
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as mentioned before, only A and E splitting of the higher K levels were observed and 
assigned, which made it is impossible to determine all the internal rotor parameters.  
In conclusion it can be said, that the two conformers observed in the molecular beam are 
conformer 1 and conformer 3 as obtained at the MP2/6-311++G(d,p) level, where conformer 
1 is the most abundant in the molecular beam. The geometries are shown again in Figure 3.49. 
It should be noted that a small correction of −6° around bond 3 yields rotational constants for 
conformer 1 that are in good agreement with the experiment.  
               Conformer 1              
       Conformer 3
Figure 3.49. Observed conformers of Cassis mercaptan optimized at the MP2/6-311++G(d,p) level of theory. 
Note that the agreement between the theoretical and the experimental constants improves for conformer 1 with 
an angle correction of −6°. Conformer 1 is the most abundant conformer in the molecular beam.  
−6°
−6°
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3.6 Conclusions 
Altogether, four blackcurrant odorants were investigated using MB-FTMW spectroscopy and 
the structures of the most abundant conformers were determined. In each case the 
experimental rotational constants were used to validate the quantum chemical calculations. In 
the case of Cassyrane and its dihydro derivative, the structures of the most abundant 
diastereomers were determined. Although microwave spectroscopy has recently moved into 
solving the structures of sizeable molecules, this is the first approach to determine the gas 
phase structure of odorants and show the usefulness of this method for structure-odor 
correlations. The superposition analyses were performed by P. Kraft using Discovery Studio 
3.0 (20% steric, 80% electrostatic field).[13]  
For the structural correlations the gas-phase structure of the most fruity (2S,5S)-Cassyrane 
obtained at the MP2/6-311++G(d,p) level and validated using microwave spectroscopy was 
superposed with the (+)-(2S,4R)-Oxane, which is responsible for the blackcurrant odor in 
“Cassis base 345B”.  For the superposition the geometry of Cassyrane was held constant 
simulating the cavity of a receptor pocket. The (+)-(2S,4R)-Oxane was then superimposed on 
the structure by rotation around rotable bonds, without deforming the bond lengths and 
angles.  The Superposition analysis is shown in Figure 3.50. It can be seen, that the methyl 
groups which have a direct effect on the olfactory properties of Cassyrane and Oxane only 
overlay well if the C-5 of Cassyrane is (S)-configured and the C-4 of Oxane is (R)-configured.  
Figure 3.50. Superposition analysis of (2S,4R)-(+)-Oxane (1, silver) with rotable bonds on the observed structure 
of the most fruity Cassyrane isomer (2S,5S)-Cassyrane (black) (20% steric, 80% electrostatic field).[13]
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This example demonstrates the immediate usefulness of gas phase structures for structure–
odor correlations, and as most odorants are non-crystalline, microwave spectroscopy is an 
interesting new tool for fragrance chemistry. However, it should be noted that using this 
approach, the suggestion is made that both substances interact with exactly the same receptor, 
which still has to be verified. The assumption is done here, since blackcurrant odor is rather 
specific and can be characterized more easily than other odor directions. Additionally, 
Cassyrane is a rather bulky molecule of low flexibility which is due the double bond in the 
dihydro furane ring and the tert-butyl group attached to it.  
It is therefore reasonable to make a superposition analysis using a conformational structure of 
Cassyrane which has been experimentally verified by high resolution spectroscopy, with a 
more flexible molecule such as Oxane, which possesses a huge number of conformers. 
Especially since at room temperature all conformers will be present and it is therefore not 
necessarily the lowest energy conformer which interacts with the receptor.  
Figure 3.51 shows a superposition of cat ketone and (2S,5S)-Cassyrane using both geometries 
observed in the molecular beam. Of the two sulfurous investigated blackcurrant odorants cat 
ketone is the one which possesses the most typical blackcurrant odor (at very low 
concentrations). In the superposition it can be seen that while the skeletal structure is in good 
agreement, the methyl group on the C-5 which is responsible for the cassis or rosmarin-like 
odor of (2S,5S)-Cassyrane and (2S,5R)-Cassyrane (see chapter 3.1) is irrelevant. The scent of 
cat ketone is surely not as specific as that of Cassyrane or Oxane and its enantiomers, but the 
overlay is in agreement with the fruity cassis odor of cat ketone.  
The observed structure of cat ketone was also used for the superposition with cassis 
mercaptan shown in Figure 3.52. Apparently, the oxygen which acts as osmophore remains in 
the same position. The size of the structures shown in Figure 3.52 is in good agreement and 
might explain the similar blackcurrant scent of the sulfurous compounds. The more 
herbaceous scent of cassis mercaptan, which is found in cassis bud, might arise from a 
different conformer, since this is a very flexible molecule with a huge number of conformers. 
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Thus, the superpositions shown here give an idea for a possible overlay of these odorants and 
their correlation with blackcurrant odor. This shows the immediate usefulness of the gas phase 
structures of odorants for structure-odor correlations. The novelty to use microwave 
spectroscopy in order to get more information on structural data of volatilized fragrance 
compounds is a very viable example for structure activity investigations of other biologically 
active substances. 
Figure 3.51. Superposition analysis of the most fruity Cassyrane isomer (2S,5S)-Cassyrane (silver) observed in 
the molecular beam on the observed structure of Cat ketone (black) (20% steric, 80% electrostatic field).[13] 
Figure 3.52. Superposition analysis of cassis mercaptan (1, silver) with rotable bonds on the observed structure 
of cat ketone (black) (20% steric, 80% electrostatic field).[13] 
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4 Fruity Ethyl Esters of Valerianic Acid and its 
Structural Isomers  
4.1  Introduction 
Small esters play an important role in chemistry and in our everyday life. Most esters possess 
a sweet or fruity scent and are therefore widely used in the food industry.[1] Still, little is 
known about the exact geometry of their different conformers. This knowledge could be a 
crucial step towards understanding of the odor-structure relation of molecules in olfactory 
research. The idea of investigating the conformations of odorants in the gas phase in order to 
understand their structure-odor relation started with studies on ethyl isovalerate and its 
structural isomers: ethyl pivalate, ethyl valerate, and ethyl 2-methyl butyrate. Before 
investigating blackcurrant odorants, a “test run” was successfully carried out on these fruit 
esters. Using ethyl isovalerate and its structural isomers as a starting point, the gas-phase 
structures of these esters were calculated using quantum chemical calculations and validated 
by MW spectroscopy. This method turned out to be a powerful tool to obtain highly accurate 
data on the lowest energy conformers of the fruit esters. The esters studied within this work 
are shown in scheme 4.1.  
Scheme 4.1. Fruity valerianic acid esters and its isomers studied by a combination of quantum chemical 
calculations and MW spectroscopy.[2-4]
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Although these molecules are too small to possess a distinguished scent and are all rather 
sweet and fruity, the shift of the methyl group has still an influence on the odors of the esters. 
Additionally, due to the huge number of conformers which can be generated through rotation 
around the C-C bonds, the determined structures can be used for further structure-odor 
correlations. It can generally be said, that all esters have some sort of scent. This is due to the 
carbonyl moiety which acts as an osmophor in the receptor. For the small esters, such as ethyl, 
isopropyl, isopropenyl, and allyl acetate similar solvent-like odors are experienced, while 
large esters possess more distinguished odors. The reason is probably that due to their small 
size they can fit into a large number of receptors and therefore, a broad mixture of odors is 
transmitted for further information processing to the brain. Another possibility could be that 
the smaller esters are simply not able to cause the necessary deformation of the tertiary 
structure of the receptor which would lead to a more specified odor distinction. Aliphatic 
esters of average size, such as the esters shown in scheme 4.1 also possess a broad realm of 
odors, but can still be differed by the position of the methyl group. In the case of ethyl 2-
butyrate, a distinction can even be drawn between the (R)- and the (S)-enantiomer. When it 
comes to larger esters with carbon chains above 8 carbon atoms more specific odors are 
experienced. An overview for some interesting long-chained esters is given in scheme 4.2. 
These are mainly used in perfumery and the flavor industry.[5]  
Scheme 4.2. Different Esters used as flavors in perfumery and the food industry.[5]
80 
4.2  Ethyl Isovalerate  
4.2.1 Spectral Analysis 
Ethyl isovalerate (C3H7-CH2-COO-C2H5) is a small aliphatic ester which is found in several 
fruits such as bananas, apples, strawberries, blackberries, grapes, and the papaya fruit. It is the 
first investigated molecule for the present study of fruity esters.  
Ethyl isovalerate was purchased from Merck Schuchardt OHG, Hohenbrunn, Germany and 
used without further purification. A mixture of approximately 1% of ethyl isovalerate in 
helium at a total pressure in the range of 50 to 100 kPa was expanded through a pulsed nozzle 
into the cavity. Helium was favored over argon or neon since the molecular beam is warmer 
and transitions up to J=27 can still be observed. This choice is important for obtaining 
accurate centrifugal distortion constants, it was also chosen to possess the needed vapor 
pressure to be observed in the molecular beam. After scanning some frequency regions within 
the range of 5 to 23 GHz, two a-type R branches were found and assigned. Moreover, a 
regular series of lines spread over the whole frequency range was identified as a b-type Q 
branch. After fitting the rotational constants using the xiam code, many new lines could be 
predicted and measured. Finally, 128 lines were measured and assigned, and three rotational 
constants and five quartic centrifugal distortion constants were determined with high 
accuracy. Most transitions were of a- and b-type, but it should be emphasized that 16 c-type 
transitions were found. The intensities of the c-type lines are similar to those of the a-type 
lines, indicating that the dipole moment components in a- and c-direction have approximately 
the same order of magnitude. The rotational constants of ethyl isovalerate are given in 
Table 4.1. The list of measured lines is given in the Appendix (see Table B12). The standard 
deviation of the fit is 2.1 kHz. All lines appeared to be slightly broadened, but only in rare 
cases split due to methyl internal rotation or due to magnetic coupling effects of the protons. 
Thus, no attempt was made to analyze the internal rotation pattern arising from the three 
methyl groups. An additional 80 lines probably belong to a second conformer that has yet not 
been assigned. However, weaker lines may also be attributed to vibrationally excited states or 
a huge number of isotopic species. The assigned conformer is a near-prolate top with an 
asymmetry parameter of  ~ –0.98. 
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Table 4.1. Microwave spectroscopic data of ethyl isovalerate.
Constant Unit Observed conformer
A GHz 4.01354516(17)
B GHz 0.681634593(28)
C GHz 0.649266240(32)
∆J kHz 0.085791(73) 
∆JK kHz 0.08773(74) 
∆K kHz 9.805(15) 
δJ kHz –0.027474(10) 
δK kHz 4.8454(22) 
  –0.98 
N  128 
σ kHz 2.1 
Note: Watson’s A reduction and Ir representation were used for the fit;[6]  Ray’s asymmetry parameter,[7] N 
Number of fitted lines, σ Standard deviation of the fit. 
Figure 4.1 shows a broad band scan of ethyl isovalerate in the frequency ranges from 
10000 MHz to 11400 MHz (upper traces). The theoretical spectra shown in the lower traces of 
Figure 4.1 were predicted using the xiam code at rotational temperatures of 1 K, 1.5 K, and 
3 K for Figure 2 a, b, and c, respectively. The line intensities are best reflected at 1.5 K, which 
seems to be the actual rotational temperature. The rotational temperature is slightly warmer 
when compared to the simulated spectra of the blackcurrant odorants in Chapter 4. This is 
probably a direct result of the different measuring conditions, since ethyl isovalerate was the 
first investigated fruit ester and was also chosen since it possesses sufficient vapor pressure to 
be observed in the molecular beam. Hence, it could be measured using the usual method of 
1% mixture of the substance in helium. The line intensities are therefore more reliable than in 
cases where the pipe cleaner was used for the measurements. The remaining unassigned lines 
visible in the broad band scan probably belong to a second conformer of higher energy which 
has yet not been assigned.  
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a) 
b)  
c)  
Figure 4.1. Broad band scan of ethyl isovalerate in the frequency range from 10000 to 11400 MHz. The 
theoretical spectra (lower traces) were predicted using the xiam code at rotational temperatures of 1 K, 1.5 K, 
and 3 K for a, b, and c, respectively. The line intensities are best reflected at 1.5 K, which seems to be the actual 
rotational temperature. 
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4.2.2 Quantum Chemical Results 
To assign the principal conformer observed in the molecular beam, rotational constants were 
predicted by ab initio calculations. For this purpose, starting from one arbitrarily chosen 
conformer other geometries were generated by 120° rotations around the single bonds O5-C6, 
C2-C3, and C3-C4 of ethyl isovalerate (for atom labels see Figure 4.4), where local energy 
minima were assumed. Optimizing 27 starting geometries at the MP2/6-311++G(d,p) level 
using the Gaussian03 program package yielded 21 different energy minima for trans
conformers. The 6-311++G(d,p) basis set was chosen, since it is widely used,[8,9] and usually 
yields geometries and rotational constants that are in good agreement with the experimental 
data. However, in the case of ethyl isovalerate no conformer was found where the calculated 
rotational constants were in good agreement with the experimental ones. Therefore, the 
optimizations of all conformers were repeated at the HF/6-311++G(d,p) level of theory. These 
calculations were expected to give worse results; they were included to study what happens if 
electron correlation is neglected. Surprisingly, for one conformer (2/3) reasonable agreement 
with the experimental rotational constants was found (for numbering of conformers see 
below). For the same conformer also the MP3, MP4, and the CCSD method with the 6-
311++G(d,p) basis set showed satisfactory agreement.[3] It must be concluded that in the 
special case of ethyl isovalerate the MP2 method fails at least for the one conformer observed 
in the molecular beam. Additionally, density functional calculations at the B3LYP/6-
311++G(d,p) level were carried out, and again the agreement with the experimental data was 
quite good. It should be mentioned that only the trans conformations of ethyl isovalerate were 
optimized and considered for the assignment of the microwave spectrum. The reason is that 
the trans conformations of esters are known to be generally much lower in energy than the cis
conformations.[10] A comparison of the predicted dipole moments and the absolute energies 
for one selected cis and one selected trans conformation of ethyl isovalerate obtained at the 
B3LYP/6-311++G(d,p) level is shown in Table 4.2. The optimization at the MP2/6-
311++G(d,p) level was not considered here, since the investigation described below showed 
that in the case of ethyl isovalerate, calculations at this level of theory are not adequate to 
describe the actual geometry of the molecule. 
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Table 4.2. Comparison of the dipole moments and absolute energies for the cis and trans conformation of 
conformer 1 with Cs symmetry at B3LYP/6-311++G(d,p) level. 
Conformer 1 Unit trans Conformer cis Conformer
E Hartree –425.775473 –425.763172 
∆E kJ/mol 0 32.3 
E+ZPE  Hartree –425.573209 –425.561032 
∆(E+ZPE) kJ/mol 0 32.0 
 Debye 1.83 4.40 
  
Note: E Total electronic energy; ∆E Electronic energy with respect to the trans conformer; 
E+ZPE Electronic energy including zero point energy; ∆(E+ZPE) Same as E+ZPE with respect to the trans
conformer. 
The theoretical dipole moment of the molecule is about 2.5 times higher for the 
cis-conformation than for the trans-conformation. The difference of the total electronic energy 
between the corresponding trans and cis conformers of ethyl isovalerate is 32.3 kJ/mol, while 
the difference between the electronic energy including the zero point energy is 32.0 kJ/mol. 
The observation of cis conformers of ethyl isovalerate is therefore unlikely under molecular 
beam conditions, and they were not considered further in the investigation. 
Altogether, 21 different trans conformations were obtained for ethyl isovalerate at the 
MP2/6-311++G(d,p) level. One conformer (1) is very close to Cs symmetry, while the other 
20 conformers have C1 symmetry and appear as enantiomeric pairs. Enantiomers cannot be 
distinguished by microwave spectroscopy, since they possess equal sets of rotational 
constants. They will be referred to as conformer 2/3 etc., where 2 and 3 are enantiomers. The 
Cartesian coordinates of the observed conformer as they were calculated at the B3LYP/6-
311++G(d,p) level are given in the Appendix (see Table C37-C38). 
To determine the conformer observed in the molecular beam, the rotational constants yielded 
by the quantum chemical calculations were compared with those obtained from the 
microwave experiment. This method neglects the fact that rotational constants from quantum 
chemical calculations refer to the equilibrium geometry, whereas our observations refer to the 
effective geometry of the vibrational ground state. A graphical representation of the results is 
shown in Figure 4.2. Because of the original starting point of the investigation, the conformers 
are arranged with respect to the absolute MP2 energ
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molecular beam. 
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with only a small six fold contribution. Here, the COOR group has no longer C2v symmetry, 
however it is still close to C2v and the threefold potential barrier arising from the asymmetry in 
this near (C3v)-(C2v) molecule is still small. Coming back to ethyl isovalerate, there is a COOR 
group, which is close to C2v connected with a CR1R2R3 (R1,R2 = H, R3 = C3H7) group, which 
is no longer C3v, but which is locally probably close to C3v. Therefore, also in this (C3v)-(C2v) 
molecule a rather low torsional barrier results for the C2-C3 bond. Finally, the rotational 
barriers of the end standing methyl groups of conformer 2/3 at the B3LYP/6-311++G(d,p) 
level are approximately  1090 cm-1 (13.00 kJ/mol). The theoretical barrier for the methyl rotor 
of the ethyl group is in good agreement with the experimental barrier of 1260 cm-1 obtained 
for ethyl chloride.[15]  
Finally, the rotation around the potential energy curve around C2-C3 was calculated at the 
MP2/6-311++G(d,p) level and at the B3LYP/6-311++G(d,p) level. The curves result in two 
unequal energy minima: conformer 2 and conformer 21. The results are shown in Figure 4.6 
and reflect the difference which caused difficulties for the prediction and assignment of the 
most abundant conformer in the molecular beam. 
Figure 4.6. Potential energy curve around C2-C3 bond optimized at the MP2/6-311++G(d,p) level (white 
circles) and at the B3LYP/6-311++G(d,p) level (filled circles).   
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4.3 Ethyl Pivalate 
4.3.1 Spectral Analysis 
Ethyl pivalate is a small fruit ester used as ingredient in the flavor industry. Small esters are 
often referred to as fruit esters since they are major contributors to the typical flavor of fruits. 
Esters are also quite often used as solvents for organic compounds and they are therefore 
frequently found in paints and adhesives. It appears worthwhile to learn more about their 
molecular structure and dynamics to understand their chemical properties in general and their 
odor in particular. Beside their importance in nature and industry, they also show some 
interesting physics. For most esters different conformers exist. Often the energy differences 
are quite low, that also under molecular beam conditions several conformers can be observed 
at the same time. Often their spectra appear with very different intensities and it is possible to 
decide, which of them is the lowest energy conformer. In a previous study on ethyl acetate a 
quite low barrier to internal rotation of the acetate methyl group was observed which allows 
for pronounced large amplitude motions. It is interesting to study how the dynamic behavior 
changes when the acetate methyl group is substituted by a much larger tert-butyl group. The 
conformers of ethyl pivalate obtained at the MP2/6-311++G(d,p) level are shown in 
Figure 4.7.[2]    
    
Figure 4.7. Optimized Structures of ethyl pivalate at the MP2/6-311++G(d,p) level.[2] 
Conformer 1 (Cs) 
Conformer 2 (C1) Conformer 3 (C1) 
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With ab initio calculations at the MP2/6-311++G(d,p) level the lowest energy conformer 
(conformer 1) and a second conformer (conformer 2) were predicted, the latter being 
1.17 kJ/mol higher in energy. Here a correction for the zero point energy is included. It should 
be noted that conformer 2 forms together with another conformer (conformer 3) a pair of 
enantiomers. Since enantiomers have identical rotational and centrifugal distortion constants, 
it is impossible to discriminate between them with the presented experimental technique. All 
conformers shown in Figure 4.7 are expected to be present in the molecular beam.  
With the ab initio rotational constants strong lines were predicted and broadband scans were 
carried out around these lines. Since often several lines were found within a narrow interval, 
a- and b-type transitions which form closed loops in the energy level diagram were searched 
and assigned in the spectrum. This way the correct assignment could be confirmed. 
For fitting the rotational and quartic centrifugal distortion constants Watson’s A reduction and 
I
r representation were used.[6] The fits were carried out using the xiam code, which is 
primarily used for internal rotation problems but which can also be used to fit semirigid rotor 
spectra. A complete list of lines included in the fits is given in the Appendix 
(see Table B13-B14).   
In the case of conformer 1, 85 a- and b-type lines were assigned. It should be noted that no c
type transitions were found. This is in agreement with the ab initio calculations, which 
predicted an ab mirror plane and consequently no c dipole moment for conformer 1. The 
results of the fit are given in Table 4.4. The standard deviation is 0.779 kHz, which is very 
close to the experimental accuracy. For conformer 2, 79 a-, b-, and c-type transitions were 
observed. An example for two b-type Q branches is shown in Figure 2 and Figure 3. As 
expected, five c type transitions could be observed, but they were very weak and were 
therefore not included in the fit. However, their existence supports the ab initio geometry of 
conformer 2, where no symmetry plane is present. The fitted rotational and quartic centrifugal 
distortion constants are given in Table 4.4. 
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Table 4.4. Spectroscopic constants of conformer1 and conformer 2 of ethyl pivalate. 
constant unit conformer 1 conformer 2 
A GHz  2.796473051(55)  2.795033610(97) 
B GHz  0.982367041(15)  1.018401468(36) 
C GHz  0.876349048(15)  0.962813881(49) 
∆J kHz  0.037252(63)  0.08803(21) 
∆JK kHz  0.92063(41)  0.34051(22) 
∆K kHz –0.5755(27)  0.1371(26) 
δJ kHz  0.005889(09) –0.001644(41) 
δK kHz –2.29593(46) –1.1807(19) 
N  85 79 
σ kHz  0.779  1.175 
Note: Watson’s A reduction and Ir representation were used for the fits;[6] N Number of fitted lines; σ Standard 
deviation of the fit. 
The standard deviation of 1.175 kHz is slightly higher than in the fit of conformer 1, however 
it is still pretty close to the experimental accuracy. The theoretical spectra for both conformers 
were finally predicted with the experimental constants using the xiam code at different 
rotational temperatures. Figure 2 shows the broad band scan of ethyl pivalate in the frequency 
range from 12000 MHz to 12650 MHz in the upper trace and the calculated spectra in lower 
trace. The predicted spectra are shown at 1 K, 3 K, and 5 K in Figure 2a, 2b, and 2c, 
respectively. The line intensities are best reflected at a rotational temperature of 3 K. This is 
warmer when compared to the simulated spectra of the blackcurrant odorants in Chapter 4. 
This is probably a direct result of the different measuring conditions, since ethyl pivalate had 
a sufficiently high vapor pressure and could be measured using the usual method of 1% 
mixture of the substance in helium. Figure 3 shows a magnified part of the broad band scan 
given in Figure 2. It should be noted that the line width in the scan corresponds roughly to the 
width of the cavity mode of 1 MHz and does not reflect the much narrower “real” line width 
obtained by high resolution measurement. 
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a) 
b)  
c)  
Figure 4.8. Broad band scan of ethyl pivalate in the range from 12000 to 12650 MHz. Lower trace: calculated 
spectrum (Red: conformer 1; black: conformer 2) using the xiam code at a rotational temperature of 1K, 3K, and 
5 K (a, b, and c, respectively) Upper trace: Observed frequencies and intensities. 
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a) 
b)  
c)  
Figure 4.9. Magnified parts of Figure 4.8 in the frequency range of 12450 MHz to 12650 MHz.  It should be 
noted that the line width in the experimental spectrum corresponds roughly to the width of the cavity mode of 
1 MHz and does not reflect the much narrower “real” line width obtained from a high resolution measurement.  
95 
4.3.1 Quantum Chemical Results 
Ab initio calculations were carried out to predict the molecular geometries and electronic 
energies of all possible conformers of ethyl pivalate. The energies were used to estimate 
which conformers are likely to be observed under molecular beam conditions. From the ab 
initio geometries rotational constants were calculated which were directly compared to those 
obtained by the experiment. This method neglects the fact that rotational constants from ab 
initio calculations refer to the equilibrium geometry whereas the observed rotational constants 
refer to the effective geometry of the vibrational ground state. However, from many similar 
studies it is known that both sets of rotational constants usually agree within 1%.[8,9]  
Fully optimized geometries of the three conformers presented in Figure 4.7 were calculated. 
The rotational constants, dipole moment components, and electronic energies of conformer 1 
and conformer 2 are given in Table 4.5. The geometries given in Cartesian coordinates are 
available in the Appendix (see Table C39-C40). In this study only trans conformers are 
considered since cis conformers of esters are known to be much higher in energy and are 
unlikely to be found under molecular beam conditions (see chapter 4.2.2). 
Table 4.5. Results of quantum chemical calculations for the optimized geometries of conformer 1 and conformer 
2 calculated at the MP2/6-311++G(d,p) level. 
constant unit conformer 1 conformer 2 
A GHz    2.799    2.790 
A (exp.) GHz    2.796    2.795 
B GHz    0.985    1.027 
B (exp.) GHz    0.982    1.018 
C GHz    0.877    0.969 
C (exp.) GHz    0.876    0.962 
µa Debye    0.54    0.10 
µb Debye    2.06    1.94 
µc Debye    0.00    0.19 
µtotal Debye    2.13    1.95 
E Hartree –424.540194 –424.539976 
∆E kJ/mol    0    0.57 
E+ZPE Hartree –424.335280 –424.334834 
∆(E+ZPE) kJ/mol    0    1.17 
Note: exp. experimental data, for exact values see Table 4.4;  µa, µb, µc dipole moment components as indicated 
in Figure 4.7; E total electronic energy; ∆E electronic energy with respect to conformer 1; ZPE electronic energy 
including zero point energy; ∆ZPE same as ZPE with respect to conformer 1. 
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It is quite an interesting question whether large amplitude motions can be observed in the 
spectra. These could give rise to splittings of the rotational lines. For this purpose the torsional 
potential of the tert-butyl group was calculated because in the case of ethyl acetate a barrier to 
internal rotation of the acetate methyl group of only 100 cm-1 was found.[16] In ethyl pivalate 
the methyl group is replaced by the tert-butyl group and also a low torsional barrier can be 
expected. The potential energy curve was predicted with a step width of 5°. The dihedral 
angle describing the relative position of the tert-butyl group with respect to the COO group 
was fixed, while all other structural parameters were allowed to relax during optimization at 
the MP2/6-311++G(d,p) level. As an example, Figure 4.10 shows the potential energy curve 
of conformer 1, which is almost a pure threefold potential. For both conformers, the barrier 
height is 240 cm-1. This is more than twice the barrier of the methyl group in ethyl acetate,[10]
and the sterical hindrance of the bigger tert-butyl group may serve as an explanation. With the 
moment of inertia of  110 uÅ2 the tert-butyl group is too heavy to cause observable splitting 
is the spectrum. This is in agreement with MB-FTMW studies on tert-butyl bromide where 
also no torsional splitting could be resolved.[17] Also some sample calculations on the barrier 
height of the terminal methyl group within the tert-butyl group were carried out. Here, V3
potentials of 1302 cm-1 and 1337 cm-1 were obtained for conformer 1 and conformer 2, 
respectively. The small difference of 2.7% with respect to conformer 1 is assumed to be 
within the error limits of the ab initio potential calculations. These barriers are too big to 
cause torsional splitting for the transitions which were observed.  
According to harmonic frequency calculations carried out for both conformers at the MP2/6-
311++G(d,p) level, very low tert-butyl  torsional vibrations of  20.60 cm-1 and 25.45 cm-1 are 
present in conformer 1 and conformer 2, respectively. Comparing the total electronic energies 
of both conformers, according to the ab initio calculations conformer 2 is 0.57 kJ/mol higher 
in energy than conformer 1. If zero point energies are included, conformer 2 is 1.17 kJ/mol 
higher.  
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Figure 4.10. The potential energy curve for the rotation of the tert-butyl group in conformer 1 of ethyl pivalate 
obtained at the MP2/6-311++G(d,p) level. 
The experimental spectra of both conformers appeared to be very similar in strength. More 
exact intensity information is difficult to obtain by MB-FTMW spectroscopy. Since the two 
assigned conformers differ only by the position of the ethyl group, an energy barrier of 
5.12 kJ/mol was calculated at MP2/6-311++G(d,p) level. 
However, only 10 weak lines remained unassigned in the spectrum, which confirms the initial 
suggestion, that cis-esters are not observed in the molecular beam. The broad band scan 
including the quantum numbers of several transitions in a frequency range from 11850 to 
12650 MHz is shown in Figure 4.11. 
/ °
E/cm
-1
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Figure 4.11. Broad band scan of ethyl pivalate in a frequency range 11850-12650 MHz (intensities given in a 
logarithmic scale; 1, lines assigned to conformer1; 2, lines assigned to conformer 2; ***, unassigned lines; *) 
Q-Branch of conformer 2, see Figure 4.9). 
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4.4  Ethyl Valerate 
4.4.1 Spectral Analysis 
Ethyl valerate, C4H9-COO-C2H5, sometimes called “green apple flavor”, is an important fruit 
ester with various applications in the food and cosmetic industry.[18,19] Although it is a 
structural isomer of ethyl isovalerate, its odor is more typically that of green apple, while 
ethyl isovalerate possesses a less defined fruity odor, usually described as fruity, blueberry, 
and pineapple like. Due to the huge number of possible conformers that can be obtained by 
quantum chemical calculations, an investigation via microwave spectroscopy is useful to 
analysis the structure of the molecule.  
As already shown for the case of ethyl isovalerate, only trans esters can be observed using the 
molecular beam technique, since cis esters are much higher in energy (~40 kJ/mol). 
Therefore, again only to the trans conformers of ethyl valerate were considered. The 
rotational constants of 12 conformers, one of Cs symmetry and the others of C1 symmetry 
appearing as enantiomeric pairs, were calculated at the MP2/6-311++G(d,p) level. This basis 
set was chosen, since it is widely used and yields rotational constants which are in good 
agreement with the experimental data for many types of molecules. In one particular case 
however, for ethyl isovalerate, the geometry obtained at the MP2/6-311++G(d,p) level did not 
correspond to the geometry of the conformer obtained from the experiment.[3] It is therefore 
interesting to see if this will also be the case for ethyl valerate, which is a structural isomer of 
ethyl isovalerate. The rotational constants calculated at the MP2/6-311++G(d,p) level were 
used as an initial guess to predict the theoretical microwave spectra of the molecule. All 
predictions and the assignment of the spectrum were performed using the xiam code.[4] Due to 
a strong predicted dipole moment component in a direction, the assignment started with a 
series of a-type R branches. These appear in intervals of B+C in the spectrum, in the particular 
case of ethyl valerate in approximately 1.0 GHz and 1.2 GHz intervals for the Cs and C1
conformer, respectively. Later, by trial and error, also b type lines were included. For the C1
conformer 12 c type lines were assigned and are included in the fit. Their existence is crucial 
to support the C1 symmetry predicted by quantum chemical calculations. For the Cs conformer 
no c type lines were observed, which is in agreement with the theoretical geometry. However, 
it cannot be completely excluded, that this conformer is also of C1 symmetry with a very 
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small c dipole moment so that c type transitions cannot be observed using this technique. The 
microwave spectroscopic data for the two conformers observed in the molecular beam is 
shown in Table 4.6. Figure 4.12 shows part of the spectrum in the frequency range from 9 to 
14 GHz. The standard deviations for the xiam fits are about 2 kHz and correspond to the 
experimental accuracy. A complete list of all the measured lines included in the fits is given in 
the Appendix (see Table B15-B16).   
Table 4.6. Microwave spectroscopic data (xiam fit) of the observed conformers of ethyl valerate. 
constants[a] unit Cs conformer C1 conformer 
A GHz 6.08422229(50) 4.43717272(89) 
B GHz 0.528540273(70) 0.612156188(57) 
C GHz 0.495752209(60) 0.595803409(64) 
DJ kHz 0.00784(21) 0.15222(25) 
DJK kHz 0.00954(68) −6.9993(13) 
DK kHz 12.65255(29) 113.41(18) 
d1 kHz −0.00054(12) 0.028452(70) 
d2 kHz 0.0
[b] −0.002733(33) 
σ kHz 1.7 2.1
[c]
κ −0.988 −0.991 
N 38 92 
Note: [a] Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s S reduction, 
I 
r representation);[6] σ standard deviation of the fit; κ Ray’s asymmetry parameter;[7] N total number of fitted 
lines. [b] Due to a high correlation with the other constants δK of the Cs conformer could not be determined and 
as set to zero. [c] A few noisy K=3 lines of the Cs conformer were excluded from the fit. 
For both conformers highly accurate rotational and centrifugal distortion constants were 
obtained using Watson’s S reduction, although it should be mentioned that for the Cs
conformer d2 could not be determined and was set to 0. Altogether, 38 and 92 lines were 
assigned for the Cs and C1 conformer, respectively. Both conformers are near-prolate tops 
with asymmetry parameters very close to −1. After the assignment of the spectrum, the 
experimental constants were used directly to validate the quantum chemical results. 
According to the observed line intensities of the two conformers it is evident that the C1
conformer is the most abundant in the molecular beam. This is obvious by comparing the 
intensities of the b type transitions: although the dipole moment component in b direction of 
the Cs conformer is about 0.5 Debye higher than for the C1 conformer, the b type transitions 
(e.g. 61,650,5) of the C1 conformer have a slightly stronger intensity.  
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It should also be noted that the absolute values of the centrifugal distortion constants of the C1
conformer are more than ten times larger than those of the Cs conformer.  
4.4.1 Quantum Chemical Results 
As in the case of ethyl isovalerate, the rotational constants of the C1 conformer obtained at the 
MP2/6-311++G(d,p) level were in bad agreement with the experimental constants from the 
spectrum. Therefore, to determine a more accurate gas-phase structure of the most abundant 
conformer, different basis sets and methods were chosen to optimize the structure. The 
quantum chemical results for both conformers are shown in Table 4.7 and Table 4.8. 
Obviously, the rotational constants of the C1 conformer obtained at the different MP2 levels, 
especially the A constants, vary within a wide range. This is not the case for the Cs conformer, 
although it should be noted that except for the optimization at the MP2/6-31G(d,p) level, the 
MP2 method yielded imaginary frequencies for the Cs conformer. The Cs conformers shown 
in Table 4.8 were obtained by full optimization without enforcing Cs symmetry. At the 
MP2/6-31G(d,p) level the dipole moment components µa, µb, and µc in the principal axis 
system are −0.51 Debye, −1.83 Debye, 0.00 Debye, and −0.92 Debye, 1.37 Debye, 
−0.86 Debye for the Cs and the C1 conformer, respectively. The signs refer to the conformer 
geometries in the principal axis system as given in the appendix. Also some sample 
calculations on the barrier height of the terminal methyl groups were carried out for the Cs
geometry. Here V3 potentials of approximately 1000 cm
-1 were obtained at the MP2/6-
311++G(d,p) and at the B3LYP/6-311++G(d,p) level. This is in agreement with the 
experimental observation where all lines were slightly broadened, but only in rare cases split 
due to internal rotation or due to magnetic coupling effects of the protons. The geometries of 
all optimized conformers at the MP2/6-311++G(d,p) level, as well as at the B3LYP/6-
311++G(d,p) in the principal axis system, the energies, rotational constants, and dipole 
moment components are given in the appendix (see Table C41-C57). 
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An explanation for the low torsional potential of the rotation of the alkyl group around the 
dihedral angle  (O1-C2-C3-C4 see Fig. 2) in ethyl isovalerate has been proposed already in 
Ref. [3]. The COOR group of the ester possesses a local symmetry which is close to C2v, 
while the connected CR1R2R3 (R1, R2: H; R3: C3H7) group shows a local symmetry which is 
close to C3v. This local (C3v)-(C2v) constitution then results in a low torsional potential for the 
alkyl group, although it is more asymmetric than in the case of the acetates where the barrier 
to internal rotation of the methyl group is only around 100 cm-1.[8,9,16] The vibrational 
frequencies shown in Table 4.7 and Table 4.8 support the idea of a low potential for the 
torsion around the angle . For the Cs conformer most quantum chemical methods work 
equally well because the potential energy function for the two parts of the molecule is 
symmetric with respect deviations of  from the energy minimum at zero degrees. In the case 
of a conformer with C1 symmetry however, the potential energy function is not symmetric at 
its minimum with its location at  strongly depending on the balance of the interactions 
between the two parts of the molecule. The theoretical calculation of this long range 
interaction depends very much on the method and the basis set.   
The best agreement between the theoretical and experimental rotational constants for the C1
conformer is obtained at the MP2/6-31G(d,p) level were the deviation of the theoretical 
rotational constants A, B, and C from the corresponding experimental data is below 2.5%. The 
Cartesian coordinates in the principal axis system of the observed conformers optimized at the 
MP2/6-31G(d,p) level are given in the appendix. Figure 4.13 shows the optimized structures 
of ethyl valerate at the MP2/6-31G(d,p) level. At the MP2/6-31G(d,p) level the C1 conformer 
is 2.28 kJ/mol lower in energy than the Cs conformer. This is qualitatively in agreement with 
the experimental results, based on the intensity of the spectrum of the C1 conformer. The 
potential energy curve around the angle  optimized at the MP2/6-311++G(d,p) level and at 
the B3LYP/6-311++G(d,p) level is shown in Figure 4.14. At the MP2/6-311++G(d,p) level 
the Cs structure of ethyl valerate is an energy maximum, while at the B3LYP/6-311++G(d,p) 
level there is a minimum in the potential well, which is rather sharp. Since no c type 
transitions were observed in the microwave spectrum to contradict a Cs structure and since it 
has been shown previously that the MP2 method fails to give accurate structures for the ethyl 
valerate, it is presumed that the Cs conformer of ethyl valerate is the one observed in the 
molecular beam.    
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Figure 4.13. Optimized structures of ethyl valerate at the MP2/6-31G(d,p) level (Upper part: enantiomers of the 
C1 conformer from the side view and the upper view; lower part: Cs conformer from the side view). 
Figure 4.14. Potential energy curve around the angle  optimized at the MP2/6-311++G(d,p) level (empty 
circles) and at the B3LYP/6-311++G(d,p) level (filled circles). The Cs conformer is situated at  = 0°.  
MP2/6-311++G(d,p) 
B3LYP/6-311++G(d,p) 
1 
2 
3 
4 
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4.5  Ethyl 2-Methyl Butyrate
4.5.1 Introduction 
Ethyl 2-methyl butyrate is the last investigated structural isomer of ethyl isovalerate. In 
opposite to the other fruit esters discussed before, it has an enantiomeric center. Each of its 
enantiomer possesses a different scent. The odors of the corresponding carbon acids; 2-methyl 
butyric acid have been determined before (scheme 4.3).[20] Since only the (S)-enantiomer 
seems to be responsible for the fruity scent of ethyl 2-methyl butyrate, only this enantiomer 
was considered by ab initio calculations. It is only necessary to consider one enantiomer, 
since they have the same rotational constants and can therefore not be distinguished in the 
molecular beam. The odor of ethyl 2-methyl butyrate resembles that of ethyl valerate the 
most. It is also a component of apples and apple aroma and has an agreeable sweet scent. Still, 
in opposite to ethyl valerate, which is also referred to as green apple flavor, it is more 
reminiscent of pineapple or pineapple peel. As was the case for ethyl valerate and ethyl 
isovalerate a huge number of geometries can be generated for the quantum chemical 
calculations. Again, a large amplitude motion is expected around the critical dihedral angle . 
Therefore, the results from the microwave experiment are crucial to determine the exact 
structure of the most abundant conformer. The validated quantum chemical structure of the 
most abundant conformer will then be used for further structural comparison with ethyl 
valerate and ethyl valerate, to see if a good agreement between the van-der-Waals sizes of the 
molecules can be observed. Between ethyl isovalerate and ethyl 2-methyl butyrate a worse 
correlation should be drawn, since the odor description is the least similar.   
Scheme 4.3. Ethyl 2-methyl butyrate and its corresponding acids. It is presumed, that the scent of the ethyl ester 
will be similar to the corresponding enantiomer of the acid.[20] 
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4.5.2 Spectral Analysis 
According to the amount of rot
modeled for the trans-esters of ethyl 2
and ethyl valerate calculations at the MP2/6
the experimental constants, all geometry optimizati
performed at this level of theory. The optimizations 
relative energy differences below 10
in Figure 4.15, while Table 4.9
to assign the spectrum. 
Figure 4.15. Three lowest energy conforners of ethyl 2
Table 4.9. Quantum Chemical Results of conformers 
Erel [kJ/mol] ZPErel [kJ/mol]
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Table 4.10. Microwave spectroscopic results of ethyl 2-methyl butyrate. 
constants unit Conformer 
A GHz 2.6045322(11)       
B GHz 0.88540883(19)       
C GHz 0.79503403(19)       
∆J kHz 0.3221(12) 
∆JK kHz 9.365(14) 
∆K kHz 4.19(16) 
δJ kHz 0.02806(75) 
δK kHz −6.167(46) 
σ kHz 5.1 
κ  −0.90 
N  35 
Note: Rotational constants A, B, C; centrifugal distortion constants ∆J, ∆JK, ∆K, δJ, δK (Watson’s A reduction, I r
representation);[6] σ standard deviation of the fit; κ Ray’s asymmetry parameter;[7] N total number of fitted lines. 
Due to a high correlation with the other constants δK of the Cs conformer could not be determined and as set to 
zero. A few noisy K=3 lines of the Cs conformer were excluded from the fit. 
The most abundant conformer is a symmetric near prolate top with an asymmetry parameter 
of −0.90. The standard deviation of the fit is slightly higher than our experimental accuracy. 
However, the lines with the highest observed − calculated frequency are of higher K level. 
The frequency list is given as supporting information. Altogether, 35 a-, b-, and c-type lines 
were assigned for most abundant conformer. A broad band scan in the frequency range from 
9100 to 11750 MHz is shown in Figure 4.16. The Intensities given for the predicted spectrum 
(lower trace) were obtained using the xiam code at a rotational temperature of 1 K. According 
to the intensities of the assigned lines compared to those of the remaining unassigned lines it 
can be presumed, that the most abundant conformer present in the molecular beam has been 
assigned. However, the remaining lines seem too strong to be caused by some isotopic 
species. They most likely belong to a second or even a third conformer of ethyl 2-methyl 
butyrate which is less occupied. Unfortunately, since the ab initio results using the MP2 
method are not reliable for the esters investigated here, the assignment of the second 
conformer is still in progress. A list of all measured frequencies included in the fit is given in 
the Appendix (see Table B17). As was the case for cat ketone, the dipole moment components 
used for the prediction of the intensities seem to be wrong. 
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Figure 4.16. Part of the broad band scan of methyl 2-methyl butyrate in the frequency range from 9100 to 
11750 MHz. The predicted spectrum is given at a rotational temperature of 1 K using the dipole moment 
components of conformer 3 optimized at the B3LYP/6-311++G(d,p) level.   
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4.5.3 Conformational Analysis 
After the spectrum of conformer 1 was assigned, the corresponding geometry calculated at the 
MP2/6-311++G(d,p) had to be determined. Therefore, the theoretical rotational constants of 
all 27 conformers were compared graphically with the experimental constants. The graphical 
comparison is shown in Figure 4.17. Surprisingly, none of the 27 optimized structures at the 
MP2/6-31G(d,p) level was in agreement with the experimental constants. There is a strong 
deviation between the calculated and the experimental rotational constants, only in the case 
the conformer 4, 8, and 9 smaller deviations are observed. However, the percentage deviation 
is still much higher than usually, especially regarding the B and C constants which should 
agree within less than one percent. For this reason, all geometry optimizations were repeated 
at the B3LYP/6-311++G(d,p) level of theory. As was the case for the MP2/6-31G(d,p) level, 
all minima obtained at the B3LYP/6-311++G(d,p) level are within energy differences lower 
than 10 kJ/mol. A graphical representation of the experimental rotational constants and the 
theoretical constants calculated at the B3LYP/6-311++G(d,p) level is given in Figure 4.18. 
Here, the abovementioned conformers 1, 2, and 3 shown in Figure 4.15 correspond to the 
conformers 19, 20, and 26, respectively. However, the rotational constants obtained for 
conformer 21 at the B3LYP/6-311++G(d,p) level are in better agreement with the 
experimental constants.  
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Figure 4.17. Graphical representation of the experimental rotational constants and the theoretical constants 
calculated at the MP2/6-31G(d,p) level (horizontal lines represent the experimental constants).  
Figure 4.18. Graphical representation of the experimental rotational constants and the theoretical constants 
calculated at the B3LYP/6-311++G(d,p) level (horizontal lines represent the experimental constants). 
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4.6  Crystallographic Results 
As mentioned before, the nature of the active species which interacts with the receptor and 
provokes the activation of further olfaction processes is not known yet. This is the reason why it 
is possible that the gas-phase structures of odorants is likely to be of some significance for the 
structure within the receptor and therefore necessary to develop our knowledge of odor-structure 
relations. However, for the same reason, it is also necessary to investigate the structures of 
odorants in the solid phase, where the interactions with the environment are included. Principally, 
odorants have to meet at least two requirements: They must be sufficiently volatile to achieve a 
certain threshold in the gas phase, and they must interact with a receptor. The former condition 
makes odorants candidates for gas-phase studies, while the latter explicitly suggests that one 
investigates the structure of odorants in the condensed phase, especially with respect to their soft 
degrees of freedom. Still, their low melting points may result in troublesome crystal growth 
wherefore the investigation should be pursued in different ways: in crystallizing the pure 
substance or what is more likely since most odorants are non-crystalline, in form of inclusion 
compounds. This has been previously done is the case of isopropyl acetate, allyl acetate, and 
diethyl ketone which were successfully crystallized as inclusion compounds in cholic acid.[21,22]
The rotational constants were used to compare the structures of the two ester in different states of 
aggregation. Surprisingly, for both esters (ethyl acetate and isopropyl acetate) the same structures 
were observed in the gas, as well as in the solid phase. However, this will probably not always be 
the case. Especially when it comes to larger molecules, such as the here investigated fruit esters, 
which possess a large amount of conformers as well a soft bond which leads to large amplitude 
motions inside the molecule, a significant effect of the forces of the crystal field might be 
expected. The crystallographic experiments and results presented here were pursued in the 
working group of Prof. Dr. U. Englert as part of an interdisciplinary cooperation work.[23]    
Basically, there are three different possibilities to investigate the conformations of the odorants in 
the solid phase. The obvious way is to determine their structure by single crystal X-ray 
diffraction. Unfortunately, the melting points of the presented fruit esters, as the majority of 
odorants, are not suitable for single crystal grows. The second way is, as previously done in the 
case of allyl and isopropyl acetate, to investigate the structures in form of inclusion compounds 
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with a larger host molecule. However, the size of the here presented fruit esters is be too large to 
fit as a guest molecule in the crystals of the cholic acid. Therefore, the third and most promising 
possibility is to gain structural information from solid phase derivatives. In this case, it means 
that using the corresponding carboxylic acids of the four ethyl esters salts can be crystallized to 
determine the structure of the ester. This has been successfully achieved with the 
3-methylbutanoic acid and cyclohexane-1,2-diamine.[21]   Interestingly, two different conformers 
occur in the solid phase structure of the 3-methylbutanoic acid and cyclohexane-1,2-diamine salt. 
The structures are show in Figure 4.21.  
Figure 4.21. Crystal structure of 3-methylbutanoic acid and cyclohexane-1,2-diamine.[23]   
As it was the case for the corresponding ester, ethyl isovalerate, the dihedral angle  for which a 
large amplitude motion was observed seems to be the crucial factor for the structure of the 
molecule. It seems that one structure of 3-methylbutanoic acid in the crystal has a similar 
structure to the structure of the isobutyl-group of ethyl isovalerate observed in the gas phase, 
while the other structure is close to the theoretical structure obtained for ethyl isovalerate at the 
MP2/6-311++G(d,p) level. These results confirm the softness of the bond, which causes 
problems for the ab initio calculations in the gas phase, where intermolecular interactions are 
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excluded and only the structure of the isolated molecule is obtained. However, in the solid phase, 
where the crystal field act on the molecule, the dihedral angle is easily distorted over 30°. 
Single crystal X-ray structure determination:
[23]
  
Bruker SMART D8 goniometer, APEX CCD detector, Mo-K radiation ( =0.71073 Å) from 
INCOATEC microsource, multilayer optics, temperature control by Oxford Cryosystems Series 
700. Integration with SAINT.[24] Structure solution with direct methods (SHELXS-97),[25] 
refinement on F2 with SHELXL-97[2]. Non-hydrogen atoms were assigned anisotropic 
displacement parameters. Positional parameters for all H atoms were freely refined and Uiso(H) 
were constrained to standard multiples of Ueq of their parent atoms. 
Crystal data: C16H34N2O4, M 318.45. Triclinic space group 1P , 8.51(2)a = , 10.12(3)b = , 
11.76(3)c = Å; 99.92(5)α = , 94.38(5)β = , 112.26(5)γ = °; 914(2)V = Å3; 2Z = ; 1 0.0563R = , 
2 0.1588wR = , 0.943GOF = . 
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5 Summary     
Within this thesis different odorants and flavors were investigated using a combination of 
quantum chemical calculations and microwave spectroscopy in order to obtain an idea of the 
conformational variety and dynamics of the different molecules under molecular beam 
conditions, where in contrast to static gas conditions at room temperature only the lowest energy 
conformers are present. Four blackcurrant odorants and four ethyl esters were investigated by 
means of molecular beam Fourier transform microwave spectroscopy.  
The first part of this thesis is focused on different types of blackcurrant odorants. Since some of 
them possess quite a low vapor pressure, a novel method using a pipe cleaner as a sample carrier 
was developed. This technique was also applied to ethyl valerate, one of the fruit esters 
investigated within this work. After the experimental difficulties due to the low vapor pressure of 
some substance had been removed, the spectra were recorded and assigned. The experimental 
rotational constants were used to validate calculations on the lowest energy conformers carried 
out at different levels of theory. Thereby, an overview of suitable methods and basis sets was 
obtained. 
Altogether, four blackcurrant odorants were investigated, two synthetic odorants (Cassyrane and 
its dihydro derivative), which are used in perfumery, and two natural sulfur-containing 
compounds (cat ketone and cassis mercaptan), which contribute to the odor of cassis in nature. In 
each case the most abundant conformers were assigned and the experimental constants were used 
to validate the quantum chemical calculations. In the case of Cassyrane and its dihydro 
derivative, the structures of the most abundant diastereomers were determined. Although 
microwave spectroscopy has recently moved into solving the structures of sizeable molecules, 
this is the first approach to determine the gas phase structure of odorants and show the usefulness 
of this method for structure-odor correlations.  
In the case of the sulfurous odorants, a methyl groups with an intermediate and a high barrier to 
internal rotation was present in cat ketone and cassis mercaptan, respectively. The barriers to 
internal rotation were determined accurately using the xiam code. In the case of cat ketone, only 
one strong conformer was assigned, while in the case of cassis mercaptan two conformers were 
found in the molecular beam. By comparison with the conformers obtained by numerous 
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quantum chemical calculations finally the geometries of the conformers observed in the 
molecular beam could be determined. Due to a large amplitude motion within Cat ketone the 
assignment of E species transitions could not be carried out within experimental accuracy. 
Attempts to fit the E species arising from the internal rotation of the methyl group failed using the 
programs xiam, Erham, and spfit (Pickett’s program). This indicates that still some aspects of the 
molecular physics are not yet included in the theoretical approach.     
The second part of the thesis is focused on valerianic ethyl ester (ethyl isovalerate) and its 
structural isomers ethyl pivalate, ethyl valerate, and 2-methyl ethyl butyrate. The investigated 
fruit esters turned out to possess large amplitude motions, causing difficulties for the prediction 
of the theoretical geometries at different levels of theory. The correct geometry could therefore 
not be predicted properly using quantum chemical calculations. Here, the experimental data were 
crucial to estimate the quality of the theoretical calculations. Nevertheless, the theoretical 
rotational constants were used as an initial guess to assign the spectra. Although in the case of 
small aliphatic esters, the structures are probably less meaningful for structure-odor correlation 
than in the case of Cassyrane and its dihydro derivative, the presented results are important to 
develop theoretical approaches in fragrance research and to describe the nature of a given system. 
This information might also be important for the choice of force fields, when it comes to 
molecular dynamics approaches of receptor odorant binding. Furthermore, the results provide an 
important contribution to the structure of small esters, since there is surprisingly little known 
about their dynamics and geometry.  
Moreover, the gas-phase structures of green apple flavor (ethyl valerate) as observed by MW 
spectroscopy and assigned by quantum chemical calculations were presented. This method is 
interesting for future structure-odor studies, especially to determine the lowest energy 
conformations of odorants and flavors where numerous conformers exist and small energy 
differences make it difficult to determine the structure of the lowest energy conformer by 
quantum chemical calculations alone. Here, two different conformers of ethyl valerate were 
observed in the molecular beam, one less abundant conformer of Cs symmetry and the main 
conformer of C1 symmetry.  
As previously observed in the case of ethyl isovalerate, also in ethyl valerate a low torsional 
potential of the n-butyl group seems to provide difficulties for the quantum chemical prediction 
of the C1 conformers when using the MP2 method. By comparison of the theoretical constants 
with those obtained from the microwave spectrum, the most accurate gas-phase structure of the 
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main conformer of ethyl valerate was obtained at the MP2/6-31G(d,p) level of theory. The low 
torsional potential of the alkyl group was explained using symmetry arguments and by quantum 
chemical results at different levels of theory for both conformers observed. A similar observation 
was made for 2-methyl ethyl butyrate, were the most abundant conformer present in the 
molecular beam was assigned and similar conclusion as obtained for ethyl isovalerate and ethyl 
valerate could be drawn. Only in the case of ethyl pivalate, probably due to the bulky tert-butyl 
group, no difficulties arose in the theoretical treatment and the experimental constants were found 
to be in good agreement with the theoretical constants calculated at the MP2/6-311++G(d,p) level 
of theory. 
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Appendix A – Hamiltonians and Definitions of Spectroscopic 
Constants[1]
The quantum mechanical Hamiltonian for asymmetric tops is: 
  
  	

  
     (1) 
With the rotational constants   


 ,  	 


 , and   


 , where I, I, and I are the 
moment of inertia. 
The behavior of asymmetric tops are described using Rays’ asymmetry parameter [2]: 
 


       (2) 
The asymmetry parameter for a most asymmetric is =0. Values of  close to 1 or −1 will be 
obtained for near symmetric tops.  
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Appendix B – Frequency Lists of the Assigned Conformers 
Table B1. Frequency list of the like-configured 
Cassyrane diastereomer (like-1).     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs.
[a] Obs–calc. [b]
6 1 5 5 0 5 9.5275800 7.0
6 2 4 5 1 4 9.4849482 1.3 
6 2 5 5 1 5 9.5286409 0.8
6 3 3 5 2 3 9.3425392 0.1 
6 3 4 5 2 4 9.5114788 0.4 
6 4 2 5 3 2 9.3035764 −0.1 
6 4 3 5 3 3 9.5466185 −1.5 
6 5 1 5 4 1 9.6201535 0.8
6 5 2 5 4 2 9.7372267 −1.0 
6 6 0 5 5 0 10.0672252 2.9 
6 6 1 5 5 0 10.0616384 −0.9 
6 6 0 5 5 1 10.0822189 0.1 
6 6 1 5 5 1 10.0766350 −0.8 
7 1 6 6 0 6 11.1198034 4.0 
7 2 5 6 1 5 11.0927141 −1.6 
7 3 4 6 2 4 11.0071133 −1.2 
7 4 3 6 3 3 10.8356608 −0.6 
7 4 4 6 3 4 11.0853127 −5.8 
7 5 2 6 4 2 10.9239180 2.1 
7 5 3 6 4 3 11.1664835 −1.7 
7 6 1 6 5 1 11.3500399 −0.9 
7 6 2 6 5 2 11.4192713 −1.0 
7 7 0 6 6 0 11.7819046 0.1 
7 7 1 6 6 1 11.7855039 −1.2
8 5 3 7 4 3 12.3627622 2.1
8 6 2 7 5 2 12.6048745 1.6 
8 6 2 7 5 3 13.0986825 0.2 
8 7 1 7 6 1 13.0804392 −1.2
8 7 2 7 6 1 13.0555057 1.3 
8 7 1 7 6 2 13.1396192 −1.4 
8 7 2 7 6 2 13.1146837 −0.8 
8 8 0 7 7 0 13.4946826 0.9 
8 8 1 7 7 1 13.4959821 −1.4 
9 1 8 8 0 8 14.3024388 −2.6
9 2 7 8 1 7 14.2830773 5.8 
9 2 8 8 1 8 14.3024388 −5.6 
9 3 6 8 2 6 14.2499140 −1.5
9 3 7 8 2 7 14.2832387 1.0
9 4 5 8 3 5 14.1651390 0.0 
9 4 6 8 3 6 14.2544146 −1.6
9 5 4 8 4 4 13.9609409 −0.3
9 5 5 8 4 5 14.2254441 2.1 
9 6 3 8 5 3 13.9442363 −0.4 
9 6 4 8 5 4 14.2665524 1.4
9 7 2 8 6 2 14.3324442 −0.8
9 7 2 8 6 3 14.6226184 −2.5 
9 7 3 8 6 3 14.4725419 0.6 
9 8 1 8 7 1 14.8034350 −1.9
9 8 2 8 7 1 14.7935619 0.1 
9 8 1 8 7 2 14.8283737 0.7 
9 8 2 8 7 2 14.8185022 4.3
10 1 10 9 0 9 10.4567897 −3.5 
10 2 9 9 1 8 11.0308559 −0.5
10 0 10 9 1 9 10.4567897 −3.5 
10 1 9 9 2 8 11.0308559 3.1 
11 1 11 10 0 10 11.4737727 1.6
11 2 10 10 1 9 12.0477398 0.1
11 0 11 10 1 10 11.4737727 1.6 
11 1 10 10 2 9 12.0477398 0.6 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz       
Table B2. Frequency list of the unlike−configured 
Cassyrane diastereomer (unlike-1). 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs.
[a] Obs–calc. [b]
6 1 5 5 0 5 9.5059072 2.3
6 1 5 5 0 5 9.5059114 6.5 
6 2 4 5 1 4 9.4215753 −0.8 
6 2 5 5 1 5 9.5097509 −0.6
6 2 5 5 1 5 9.5097549 3.3 
6 3 3 5 2 3 9.2252757 −2.2 
6 3 4 5 2 4 9.4907096 −0.9 
6 4 2 5 3 2 9.2909721 −0.1
6 4 2 5 3 3 10.0955716 2.3 
6 4 3 5 3 3 9.5704882 −0.2
6 5 1 5 4 1 9.7628515 −0.4 
6 5 2 5 4 1 9.6984823 −1.0 
6 5 2 5 4 2 9.8515041 0.8 
6 6 0 5 5 0 10.2714529 −0.7
6 6 1 5 5 0 10.2693574 0.1 
6 6 0 5 5 1 10.2783171 0.3 
6 6 1 5 5 1 10.2762197 −0.9
7 1 6 6 0 6 11.0985668 −0.4
7 2 5 6 1 5 11.0469331 −1.1 
7 2 6 6 1 6 11.0993250 −3.7
7 3 4 6 2 4 10.8836711 −2.4
7 3 5 6 2 5 11.0664694 −1.6 
7 4 3 6 3 3 10.7249328 0.8 
7 4 4 6 3 4 11.0676962 −2.2
7 5 2 6 4 2 10.9884811 0.8 
7 5 3 6 4 2 10.6995561 0.5 
7 5 2 6 4 3 11.5135602 −1.0
7 5 3 6 4 3 11.2246369 0.4 
7 6 1 6 5 1 11.5386100 1.1 
7 6 2 6 5 1 11.5146998 −0.2
7 6 1 6 5 2 11.6029771 −0.3
7 6 2 6 5 2 11.5790681 −0.4 
7 7 0 6 6 0 12.0240226 −0.2 
7 7 1 6 6 1 12.0255071 −0.3
8 3 5 7 2 5 12.5517517 −0.9 
8 4 4 7 3 4 12.3152412 1.0 
8 4 5 7 3 5 12.6200591 1.6
8 5 3 7 4 3 12.3024818 0.7
8 7 1 7 6 1 13.3040256 −1.6 
8 7 2 7 6 2 13.3197518 −1.3 
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8 8 0 7 7 0 13.7753396 2.2 
9 6 3 8 5 3 13.9771122 1.4 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz       
Table B3. Frequency list of the like-configured 
dihydro-cassyrane diastereomer (like-15).     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs.
[a] Obs–calc. [b]
6 2 4 5 1 4 9.2164899 −0.3
6 3 3 5 2 3 9.1363119 0.4 
6 3 4 5 2 4 9.2251535 0.2 
6 4 2 5 3 2 9.0561306 0.9
6 4 3 5 3 3 9.2362685 0.4
6 5 1 5 4 1 9.2298708 −0.9 
6 5 1 5 4 2 9.5571846 −0.2 
6 5 2 5 4 2 9.3512207 −0.9
6 6 0 5 5 0 9.5826416 −0.4 
6 6 1 5 5 0 9.5705047 −0.1 
6 6 0 5 5 1 9.6098974 −0.2
6 6 1 5 5 1 9.5977616 1.3
6 6 1 5 5 1 9.5977601 −0.1 
7 2 5 6 1 5 10.7643784 −1.8 
7 3 4 6 2 4 10.7256844 3.1
7 3 5 6 2 5 10.7657479 −1.5 
7 4 3 6 3 3 10.6049301 −1.7 
7 4 4 6 3 4 10.7527255 0.2 
7 5 2 6 4 2 10.5862706 −0.5 
7 5 3 6 4 3 10.7862401 −0.2 
7 6 1 6 5 1 10.8550646 −0.4
7 6 1 6 5 2 11.0610279 −0.2 
7 6 2 6 5 2 10.9453529 −0.7 
7 7 0 6 6 0 11.2115081 −1.1
7 7 1 6 6 0 11.2063650 0.1
7 7 0 6 6 1 11.2236466 0.1 
7 7 1 6 6 1 11.2185025 0.3 
8 3 5 7 2 5 12.2855618 0.9
8 4 4 7 3 4 12.2149692 −0.4 
8 4 5 7 3 4 9.9460668 −2.1 
8 4 5 7 3 5 12.2908234 1.5
8 5 3 7 4 3 12.0768932 0.0
8 5 4 7 4 3 10.7024095 2.5 
8 3 5 7 4 4 9.9011968 0.0
8 5 4 7 4 4 12.2815838 −1.3 
8 6 2 7 5 2 12.1504488 −0.7 
8 6 3 7 5 3 12.3480592 −1.0 
8 7 1 7 6 1 12.4935623 −1.0
8 7 2 7 6 1 12.4343783 −0.7 
8 7 1 7 6 2 12.6092376 −0.4 
8 7 2 7 6 2 12.5500550 1.4
8 8 0 7 7 0 12.8382222 −0.6
8 8 1 7 7 0 12.8361171 −0.2 
8 8 0 7 7 1 12.8433674 0.4
8 8 1 7 7 1 12.8412625 1.0
9 1 8 8 0 8 13.8602880 1.1 
9 1 9 8 0 8 9.3044977 0.3 
9 2 8 8 1 7 9.8416090 0.2
9 0 9 8 1 8 9.3044977 0.4 
9 3 6 8 2 6 13.8332509 1.7 
9 3 7 8 2 7 13.8500040 2.0 
9 4 5 8 3 5 13.7966108 1.9
9 4 6 8 3 6 13.8340921 −4.0
9 5 4 8 4 4 13.6817331 −0.1 
9 3 6 8 4 5 10.9182503 −0.3
9 5 5 8 4 5 13.8126889 −0.8
9 6 3 8 5 3 13.5704099 0.5 
9 6 4 8 5 4 13.8158316 0.8 
9 7 2 8 6 2 13.7523492 0.4
9 7 3 8 6 3 13.9234019 0.6 
10 1 10 9 0 9 10.3084930 0.7 
10 2 9 9 1 8 10.8455288 0.8 
10 0 10 9 1 9 10.3084930 0.7
10 4 7 9 3 6 11.9242628 0.4 
10 3 7 9 4 6 11.9230495 −0.5
11 1 11 10 0 10 11.3124869 −0.5 
11 1 10 10 1 9 11.8494733 0.4 
12 0 12 11 0 11 12.3164817 −0.2 
12 1 11 11 1 10 12.8534312 −0.3
12 2 11 11 1 10 12.8534312 −0.3 
12 3 10 11 2 9 13.3908105 −2.0 
12 1 11 11 2 10 12.8534312 −0.3
12 2 11 11 2 10 12.8534312 −0.3
13 1 13 12 0 12 13.3204753 0.2 
13 1 12 12 1 11 13.8573988 0.9 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz       
Table B4. Frequency list of the unlike-configured 
dihydro-cassyrane diastereomer (unlike-2). 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs.
[a]                          Obs–calc. [b]
6 1 5 5 0 5 9.2208272 −1.1
6 2 4 5 1 4 9.1695737 0.9 
6 2 5 5 1 5 9.2224366 1.9 
6 3 3 5 2 3 9.0160603 −0.7
6 3 4 5 2 4 9.2051539 −0.8 
6 3 4 5 2 4 9.2051539 −0.8 
6 4 2 5 3 2 9.0082893 0.0
6 5 1 5 4 1 9.3558771 1.1
6 5 1 5 4 2 9.5522675 1.3 
6 5 2 5 4 2 9.4570449 0.7
6 6 0 5 5 0 9.7957294 −0.8 
6 6 1 5 5 1 9.8027247 −1.1 
7 1 6 6 0 6 10.7627330 1.9 
7 2 6 6 1 6 10.7630002 0.4
7 3 4 6 2 4 10.6280955 −0.8 
7 3 5 6 2 5 10.7391446 −5.6 
7 4 3 6 3 3 10.4634859 1.0
7 4 4 6 3 4 10.7297821 1.1
7 5 2 6 4 2 10.5983159 0.3 
7 5 3 6 4 3 10.8278301 −0.1
7 6 1 6 5 1 11.0425149 −0.1
7 6 1 6 5 2 11.1377362 −1.0 
7 6 2 6 5 2 11.0970830 −1.8 
7 7 0 6 6 0 11.4639634 0.3
7 7 1 6 6 0 11.4627290 −0.4 
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7 7 0 6 6 1 11.4676848 −0.6 
7 7 1 6 6 1 11.4664519 0.3 
8 2 6 7 1 6 12.2785513 1.6
8 3 5 7 2 5 12.2205074 −0.5
8 3 6 7 2 6 12.2802238 0.0 
8 4 4 7 3 4 12.0506580 −0.7
8 4 5 7 3 5 12.2510212 0.0
8 5 4 7 4 4 12.2666097 −0.9 
8 6 2 7 5 2 12.2519383 0.6 
8 6 3 7 5 3 12.4296991 −1.5
8 7 1 7 6 1 12.7250989 2.6 
8 7 2 7 6 2 12.7498383 1.7 
8 8 0 7 7 0 13.1306243 −0.2 
8 8 1 7 7 0 13.1302278 −1.2
8 8 0 7 7 1 13.1318575 −0.7 
8 8 1 7 7 1 13.1314643 1.5
9 1 8 8 0 8 13.8441966 2.6 
9 1 9 8 0 8 9.2997819 −0.1 
9 2 7 8 1 7 13.8220480 −0.3 
9 0 9 8 1 8 9.2997819 0.3
9 2 8 8 1 8 13.8441967 −3.4 
9 3 6 8 2 6 13.7829361 −0.6 
9 3 7 8 2 7 13.8223532 2.6
9 4 5 8 3 5 13.6780118 2.2
9 4 6 8 3 6 13.7902645 1.0 
9 5 4 8 4 4 13.4673501 −0.2 
9 5 5 8 4 5 13.7635166 −0.3
9 5 5 8 4 5 13.7635166 −0.3 
9 6 3 8 5 3 13.5131524 −0.2 
9 6 4 8 5 4 13.8237903 −1.4 
9 7 2 8 6 2 13.9439843 0.2 
10 1 10 9 0 9 10.3032639 0.0 
10 2 9 9 1 8 10.8401693 −3.6
10 0 10 9 1 9 10.3032639 0.1 
10 1 9 9 2 8 10.8401693 3.8 
11 1 11 10 0 10 11.3067489 1.0
11 1 10 10 1 9 11.8435474 −0.8
12 0 12 11 0 11 12.3102328 0.4 
12 4 9 11 3 8 13.9251301 −0.8 
13 1 13 12 0 12 13.3137161 −0.5
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz 
Table B5. Frequency list of the A species of the 
observed conformer of Cat ketone (rigid rotor fit).
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs. Obs–calc. 
3 2 1 2 1 1 10.5836500 4.5
3 2 2 2 1 1 10.5568395 −0.2 
3 3 0 2 2 0 13.5277523 −28.2 
3 3 1 2 2 0 13.5276041 3.7
3 3 0 2 2 1 13.5331641 2.3
4 1 3 3 0 3 10.5597055 4.3 
4 1 4 3 0 3 9.5542446 0.5
4 2 2 3 1 2 12.6431356 1.7
4 2 3 3 1 2 12.5634240 4.0 
4 2 2 3 1 3 13.2469796 0.5 
4 2 3 3 1 3 13.1672664 1.2
5 0 5 4 0 4 10.6884348 1.0 
5 1 5 4 0 4 11.4920667 1.4 
5 1 4 4 1 3 11.0179064 1.0
5 0 5 4 1 4 9.7146640 0.5
5 1 5 4 1 4 10.5182948 −0.2 
6 0 6 5 0 5 12.7765569 1.5
6 1 6 5 0 5 13.4133589 3.4
6 0 6 5 1 4 10.4678555 −1.0 
6 1 5 5 1 4 13.2038240 0.9 
6 0 6 5 1 5 11.9729261 2.2
6 1 6 5 1 5 12.6097258 1.8 
6 2 4 5 2 3 13.0991154 2.0 
5 5 0 5 4 1 12.6872134 12.0 
5 5 1 5 4 1 12.6872134 12.1
5 5 0 5 4 2 12.6872349 −11.4 
5 5 1 5 4 2 12.6872349 −11.3
7 0 7 6 1 5 12.1110562 −2.0 
7 1 6 6 2 4 11.7983976 −1.8 
7 1 7 6 2 4 9.0166270 1.0 
7 1 6 6 2 5 12.1546317 −0.7
6 5 1 6 4 2 12.6821536 0.9 
6 5 2 6 4 2 12.6821536 2.3 
6 5 1 6 4 3 12.6823785 1.7
6 5 2 6 4 3 12.6823785 3.0
8 1 8 7 2 5 10.4661375 −1.6 
7 5 2 7 4 3 12.6740057 0.0 
7 5 3 7 4 3 12.6740057 8.2
7 5 2 7 4 4 12.6748138 −11.7 
7 5 3 7 4 4 12.6748138 −3.4 
9 2 7 8 3 5 13.3578974 −4.4 
9 2 8 8 3 5 11.9143753 −0.7 
9 2 7 8 3 6 13.4384463 −2.7 
8 5 3 8 4 4 12.6614796 1.3
8 5 4 8 4 4 12.6614796 37.0 
8 5 3 8 4 5 12.6638922 −34.4 
8 5 4 8 4 5 12.6638922 1.2
10 2 9 9 3 6 13.8094605 −3.8
10 3 8 9 4 5 11.7990001 −2.6 
9 5 5 9 4 6 12.6490280 0.5 
9 5 5 9 4 6 12.6490280 0.5
10 3 7 9 4 6 12.0906679 1.0 
10 5 5 10 4 6 12.6156455 −0.3 
11 3 9 10 4 6 13.9483743 −2.0
10 5 5 10 4 7 12.6302793 −0.8
10 5 6 10 4 7 12.6299064 −1.6 
11 3 9 10 4 7 13.9630182 7.6 
11 4 8 10 5 5 11.1934537 2.1
11 5 6 11 4 7 12.5766284 0.4 
11 5 7 11 4 8 12.6066339 −1.2 
12 4 9 11 5 6 13.3932847 −0.2 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
Table B6. Frequency list of the A species of the 
observed conformer of Cat ketone (one top fit). 
       Upper Level             Lower Level                         Obs–calc.  
J         Ka       Kc J Ka Kc  Obs. robust–fit fit 
3 2 1 2 1 1 10.5836500 0.0014 –0.0107
3 2 2 2 1 1 10.5568395 –0.0034 –0.0190 
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3 3 0 2 2 0 13.5277523 –0.0319 –0.0375 
3 3 1 2 2 0 13.5276041 0.0000 –0.0055 
3 3 0 2 2 1 13.5331642 –0.0015 –0.0063
4 1 3 3 0 3 10.5597055 0.0022 0.0281 
4 1 4 3 0 3 9.5542447 –0.0012 –0.0407 
4 2 2 3 1 2 12.6431356 –0.0016 –0.0190 
4 2 3 3 1 2 12.5634240 0.0007 –0.0270 
4 2 2 3 1 3 13.2469796 –0.0030 0.0189 
4 2 3 3 1 3 13.1672664 –0.0024 0.0093 
5 0 5 4 0 4 10.6884348 0.0000 –0.0238 
5 1 5 4 0 4 11.4920667 –0.0003 –0.0543 
5 1 4 4 1 3 11.0179064 –0.0002 0.0019 
5 0 5 4 1 4 9.7146640 0.0002 0.0005 
5 1 5 4 1 4 10.5182948 –0.0011 –0.0311 
6 0 6 5 0 5 12.7765569 0.0003 –0.0336 
6 1 6 5 0 5 13.4133589 0.0017 –0.0660 
6 0 6 5 1 4 10.4678555 –0.0007 –0.1019 
6 1 5 5 1 4 13.2038240 –0.0006 –0.0005
6 0 6 5 1 5 11.9729261 0.0017 –0.0020 
6 1 6 5 1 5 12.6097258 0.0008 –0.0367 
6 2 4 5 2 3 13.0991154 0.0007 0.0053
5 5 0 5 4 1 12.6872134 0.0134 0.0093 
5 5 1 5 4 1 12.6872134 0.0135 0.0194 
5 5 0 5 4 2 12.6872349 –0.0100 –0.0148
5 5 1 5 4 2 12.6872349 –0.0099 –0.0048 
7 0 7 6 1 5 12.1110562 –0.0014 –0.1477 
7 1 6 6 2 4 11.7983976 –0.0013 0.0125
7 1 7 6 2 4 9.0166270 0.0032 –0.1598 
7 1 6 6 2 5 12.1546317 –0.0001 0.0576 
6 5 1 6 4 2 12.6821536 0.0022 –0.0024 
6 5 2 6 4 2 12.6821536 0.0035 0.0078 
6 5 1 6 4 3 12.6823785 0.0029 –0.0017 
6 5 2 6 4 3 12.6823785 0.0043 0.0084 
8 1 8 7 2 5 10.4661375 0.0011 –0.2247 
7 5 2 7 4 3 12.6740058 0.0011 –0.0027 
7 5 3 7 4 3 12.6740058 0.0093 0.0103 
7 5 2 7 4 4 12.6748138 –0.0106 –0.0142 
7 5 3 7 4 4 12.6748138 –0.0023 –0.0012 
9 2 7 8 3 5 13.3578975 –0.0026 0.0734 
9 2 8 8 3 5 11.9143753 0.0009 –0.0814 
9 2 7 8 3 6 13.4384463 –0.0008 0.0905
8 5 3 8 4 4 12.6614796 0.0022 –0.0017 
8 5 4 8 4 4 12.6614796 0.0379 0.0353 
8 5 3 8 4 5 12.6638922 –0.0336 –0.0369
8 5 4 8 4 5 12.6638922 0.0021 0.0002 
10 2 9 9 3 6 13.8094605 –0.0022 –0.1227 
10 3 8 9 4 5 11.7990001 –0.0017 –0.0208
9 5 5 9 4 6 12.6490280 0.0012 –0.0031 
9 5 5 9 4 6 12.6490280 0.0012 –0.0031 
10 3 7 9 4 6 12.0906679 0.0025 0.0376
10 5 5 10 4 6 12.6156455 0.0001 –0.0102 
11 3 9 10 4 6 13.9483743 –0.0010 –0.0286 
10 5 5 10 4 7 12.6302793 –0.0004 –0.0070 
10 5 6 10 4 7 12.6299064 –0.0011 –0.0077 
11 3 9 10 4 7 13.9630183 0.0086 –0.0152 
11 4 8 10 5 5 11.1934537 0.0003 –0.0073 
11 5 6 11 4 7 12.5766284 0.0005 –0.0162 
11 5 7 11 4 8 12.6066339 –0.0009 –0.0099 
12 4 9 11 5 6 13.3932847 –0.0016 –0.0075 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in MHz        
Table B7. Frequency list of the E species of the 
observed conformer of Cat ketone (one top fit). 
       Upper Level             Lower Level                         Obs–calc.  
J         Ka       Kc J Ka Kc  Obs. robust-fit fit 
3 2 1 2 1 1 10.7582476 0.1089 0.0707 
3 2 2 2 1 1 10.2798446 –0.0549 –0.1759 
3 2 2 2 1 1 10.2800000 0.1005 –0.0205 
3 2 1 2 1 2 11.1430842 0.1273 0.1548 
3 2 2 2 1 2 10.6646812 –0.0366 –0.0918 
3 3 0 2 2 0 13.6340946 0.0732 0.0349 
3 3 1 2 2 1 13.3952356 –0.0026 –0.0794 
4 1 3 3 0 3 10.5737226 0.0012 0.1198 
4 2 2 3 1 2 12.8121814 0.1689 0.1100 
4 2 3 3 1 2 12.3300160 0.0103 –0.1307 
4 2 2 3 1 3 13.4598979 0.1018 0.1404 
5 0 5 4 0 4 10.6830886 0.4490 0.3876 
5 1 5 4 0 4 11.4944571 0.0016 –0.0035 
5 1 4 4 1 3 11.0124499 0.0070 –0.0288
5 0 5 4 1 4 9.7146640 –0.5203 –0.6305 
5 1 5 4 1 4 10.5270837 0.0834 0.0295 
5 2 3 4 2 2 10.8432559 0.0822 0.0620
6 0 6 5 0 5 12.7675236 0.7361 0.6697 
6 1 6 5 0 5 13.4315024 –0.4471 –0.4538 
6 1 5 5 1 4 13.1997808 –0.0029 –0.0642
6 0 6 5 1 5 11.9561559 1.1843 1.0616 
6 1 6 5 1 5 12.6201321 –0.0015 –0.0644 
6 1 5 5 2 3 9.3709318 –0.2257 –0.2572 
6 2 4 5 2 3 13.0527456 0.0541 0.0388 
6 2 4 5 2 3 13.0527456 0.0541 0.0388 
7 1 6 6 2 4 11.6929885 –0.2598 –0.3604 
7 1 6 6 2 5 12.2791170 –0.2670 –0.2593 
6 5 2 6 4 3 12.5353693 –0.0882 –0.1723 
8 1 7 7 2 5 13.9399978 –0.1825 –0.3747 
8 1 8 7 2 5 10.4468869 –0.5169 –0.8205 
8 2 6 7 3 4 10.6434311 –0.2732 –0.1925 
8 2 6 7 3 5 11.3561363 –0.0331 0.1563 
7 5 3 7 4 4 12.5272517 –0.0789 –0.1640 
9 1 9 8 2 6 11.7983976 1.5796 1.1992 
9 2 7 8 3 5 13.0904171 –0.4655 –0.3646
9 2 7 8 3 6 13.8027180 –0.2301 –0.0246 
9 2 8 8 3 6 12.2980911 0.5509 0.5006 
8 5 4 8 4 4 11.5644795 0.9636 0.7406
8 5 4 8 4 5 12.5151271 –0.0653 –0.1521 
10 2 9 9 3 6 13.5277523 –0.8107 –1.0092 
10 3 7 9 4 5 11.8673830 0.0006 0.0246
9 5 5 9 4 6 12.4977976 –0.0490 –0.1382 
10 3 8 9 4 6 12.0670454 0.1965 0.2366 
10 4 6 10 3 8 10.5334196 0.3076 0.3345
11 3 9 10 4 6 13.3289659 1.1696 1.0799 
10 5 6 10 4 7 12.4738769 –0.0274 –0.1199 
11 4 7 10 5 5 11.1139405 –0.4774 –0.4766 
11 4 8 10 5 6 11.3595215 0.2196 0.2548 
12 4 8 11 5 6 13.3289659 0.1381 0.1418 
12 5 8 12 4 9 12.3999895 0.0506 –0.0528 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in MHz        
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Table B8. Frequency list of the A species of Cassis 
mercaptan (conformer 1). 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs. Obs–calc.
3 2 1 2 1 1 10.5105861 0.8 
3 2 2 2 1 1 10.4959238 −1.6 
3 2 1 2 1 2 10.7489766 −3.1 
3 2 2 2 1 2 10.7343143 −5.3 
3 3 0 2 2 0 13.8366261 0.5 
3 3 1 2 2 0 13.8365608 3.2 
3 3 0 2 2 1 13.8395681 5.2 
3 3 1 2 2 1 13.8394983 3.3 
4 1 3 3 0 3 9.7236608 0.4 
4 2 2 3 1 2 12.3471003 1.0
4 2 3 3 1 2 12.3033084 0.4 
4 2 2 3 1 3 12.8238113 −0.5 
4 2 3 3 1 3 12.7800184 −2.1 
5 0 5 4 0 4 9.5778620 1.7 
5 1 4 4 0 4 11.8648453 1.4 
5 1 5 4 0 4 10.6748513 0.9
5 1 4 4 1 3 9.8204623 0.4 
5 1 5 4 1 4 9.4246098 0.4 
5 2 3 4 2 2 9.6863467 −0.4 
5 2 4 4 2 3 9.6287960 1.3 
5 3 2 4 3 1 9.6459941 0.5
5 3 3 4 3 2 9.6445701 −1.9 
5 4 1 4 4 0 9.6414980 −3.5 
5 4 2 4 4 1 9.6414980 6.9 
6 0 6 5 0 5 11.4637461 0.8 
6 1 6 5 0 5 12.3993380 1.0 
6 0 6 5 1 4 9.1767607 −1.0 
6 1 5 5 1 4 11.7752692 1.3 
6 0 6 5 1 5 10.3667566 1.3 
6 1 6 5 1 5 11.3023481 1.2 
6 2 4 5 2 3 11.6476385 −0.6 
6 2 5 5 2 4 11.5490564 −0.2 
5 4 1 5 3 2 11.2688573 −0.5 
5 4 2 5 3 2 11.2688573 11.2 
6 3 3 5 3 2 11.5801717 3.5 
5 4 1 5 3 3 11.2707370 −17.2 
5 4 1 5 3 3 11.2707388 −15.5 
5 4 2 5 3 3 11.2707370 −5.5 
5 4 2 5 3 3 11.2707388 −3.8
6 3 4 5 3 3 11.5763851 −5.2 
6 5 1 5 5 0 11.5688577 −3.1 
6 5 2 5 5 1 11.5688577 −2.9 
7 0 7 6 0 6 13.3365214 1.3 
7 0 7 6 1 5 10.7380138 −0.3
7 1 6 6 1 5 13.7243803 0.6 
7 0 7 6 1 6 12.4009298 1.3 
7 1 7 6 1 6 13.1767276 2.5 
7 1 6 6 2 4 9.5002516 0.9 
7 2 5 6 2 4 13.6189227 0.8 
7 1 6 6 2 5 9.7001790 2.1
7 2 6 6 2 5 13.4663447 0.6 
6 4 2 6 3 3 11.2605321 −6.4 
6 4 3 6 3 3 11.2604707 −9.4 
7 3 4 6 3 3 13.5176829 −2.6 
6 4 2 6 3 4 11.2662126 −0.4 
6 4 3 6 3 4 11.2661545 0.0 
7 3 5 6 3 4 13.5092354 1.9 
7 4 3 6 4 2 13.5033413 −1.8 
7 4 4 6 4 3 13.5031849 −2.6 
7 5 2 6 5 1 13.4986842 −2.8 
7 5 3 6 5 2 13.4986842 −1.6 
7 6 1 6 6 0 13.4960364 3.5 
7 6 2 6 6 1 13.4960364 3.5 
7 4 3 7 3 4 11.2461937 −2.4
7 4 4 7 3 4 11.2459817 −0.4 
7 4 3 7 3 5 11.2603198 −2.7 
7 4 4 7 3 5 11.2601013 −7.2 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
Table B9. Frequency list of the E species of Cassis 
mercaptan (conformer 1). 
       Upper Level             Lower Level
J Ka Kc J Ka Kc Obs. Obs–calc.
5 3 2 4 3 1 9.6459322 −2.2 
5 3 3 4 3 2 9.6446324 1.1
5 4 1 5 3 2 11.2691019 1.3 
5 4 2 5 3 2 11.2685260 1.0 
6 3 3 5 3 2 11.5801462 −5.9 
6 3 3 5 3 2 11.5801463 −5.8 
5 4 1 5 3 3 11.2710483 2.6
5 4 2 5 3 3 11.2704725 2.5 
6 3 4 5 3 3 11.5764089 2.5 
6 4 2 6 3 3 11.2607771 1.8 
6 4 3 6 3 3 11.2602241 27.1 
6 4 2 6 3 4 11.2664684 2.3 
6 4 3 6 3 4 11.2658877 −0.1
7 4 3 6 4 2 13.5032813 −1.6 
7 4 3 7 3 4 11.2463781 0.3 
7 4 4 7 3 4 11.2457633 −0.8 
7 4 3 7 3 5 11.2605321 21.4 
7 4 4 7 3 5 11.2598947 −2.3 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
Table B10. Frequency list of the A species of Cassis 
mercaptan (conformer 2). 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs. Obs–calc.
3 2 1 2 1 1 10.6639789 −0.4 
3 2 2 2 1 1 10.6547190 −1.7 
3 2 1 2 1 2 10.8629414 −2.1 
3 2 2 2 1 2 10.8536800 −4.9 
4 1 3 3 0 3 9.3375034 0.8 
4 2 2 3 1 2 12.3882856 1.4 
4 2 3 3 1 2 12.3605777 0.8 
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4 2 2 3 1 3 12.7861810 2.4 
4 2 3 3 1 3 12.7584730 1.7 
5 1 4 4 0 4 11.3188927 −0.2 
5 1 5 4 0 4 10.3249931 0.6 
5 1 4 4 1 3 9.1854619 −0.8 
5 2 3 4 2 2 9.0606224 −0.5 
5 2 4 4 2 3 9.0239860 0.0 
5 3 2 4 3 1 9.0347947 −0.4 
5 3 3 4 3 2 9.0341165 0.6 
5 4 1 4 4 0 9.0321627 −1.4 
5 4 2 4 4 1 9.0321627 2.3
6 0 6 5 0 5 10.7703721 0.1 
6 1 5 5 0 5 13.3443183 2.1 
6 1 6 5 0 5 11.9543131 1.6 
6 1 5 5 1 4 11.0169044 −0.4 
6 0 6 5 1 5 9.4368594 −1.5 
6 1 6 5 1 5 10.6208011 0.8 
6 2 4 5 2 3 10.8886611 −0.3 
6 2 5 5 2 4 10.8253470 −0.4 
5 4 1 5 3 2 12.4474187 −2.1 
5 4 2 5 3 2 12.4474187 2.2 
6 3 3 5 3 2 10.8447662 −0.9 
5 4 1 5 3 3 12.4483259 −0.6
5 4 2 5 3 3 12.4483259 3.7 
6 3 4 5 3 3 10.8429609 1.2 
6 4 2 5 4 1 10.8399119 −9.4 
6 4 3 5 4 2 10.8399119 7.5 
6 5 1 5 5 0 10.8381879 1.0 
6 5 2 5 5 1 10.8381879 1.1
7 0 7 6 0 6 12.5399024 0.1 
7 1 7 6 0 6 13.5687332 0.1 
7 0 7 6 1 5 9.9659576 −0.5 
7 1 6 6 1 5 12.8449627 0.1 
7 0 7 6 1 6 11.3559625 −0.3
7 1 7 6 1 6 12.3847934 −0.3 
7 2 5 6 2 4 12.7241440 −0.3 
7 2 5 6 2 4 12.7241444 0.1 
7 2 6 6 2 5 12.6248429 −0.2 
6 4 2 6 3 3 12.4425531 −21.8 
6 4 3 6 3 3 12.4425531 −0.7
7 3 4 6 3 3 12.6566881 3.4 
6 4 2 6 3 4 12.4452886 0.5 
6 4 3 6 3 4 12.4452532 −13.8 
7 3 5 6 3 4 12.6526299 −1.0 
7 4 3 6 4 2 12.6484094 −2.3 
7 4 4 6 4 3 12.6483587 3.1 
7 5 2 6 5 1 12.6456646 −0.5 
7 5 3 6 5 2 12.6456646 −0.1 
7 6 1 6 6 0 12.6441957 −0.6 
7 6 2 6 6 1 12.6441957 −0.6 
7 4 3 7 3 4 12.4343050 3.0 
7 4 4 7 3 4 12.4342244 −0.2
7 4 3 7 3 5 12.4410693 0.3 
7 4 4 7 3 5 12.4409886 −3.1 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
Table B11. Frequency list of the E species of Cassis 
mercaptan (conformer 2). 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs. Obs–calc.
5 3 2 4 3 1 9.0347114 −0.3 
5 3 3 4 3 2 9.0341994 0.1 
5 4 1 4 4 0 9.0321627 0.5 
5 4 2 4 4 1 9.0321627 0.4 
5 4 1 5 3 2 12.4476467 1.8
5 4 2 5 3 2 12.4470634 3.4 
6 3 3 5 3 2 10.8447355 1.2 
5 4 1 5 3 3 12.4486547 3.1 
5 4 2 5 3 3 12.4480691 2.5 
6 3 4 5 3 3 10.8429916 −0.9 
6 4 2 5 4 1 10.8399119 −1.1 
6 4 3 5 4 2 10.8399119 −0.8 
6 4 2 6 3 3 12.4428262 2.6 
6 4 3 6 3 3 12.4422410 2.6 
7 3 4 6 3 3 12.6566710 −3.2 
6 4 2 6 3 4 12.4455747 2.7 
6 4 3 6 3 4 12.4449894 2.5
7 3 5 6 3 4 12.6526425 1.0 
7 4 3 6 4 2 12.6483839 −2.0 
7 4 4 6 4 3 12.6483839 2.5 
7 4 3 7 3 4 12.4345392 3.9 
7 4 4 7 3 4 12.4339477 2.2 
7 4 3 7 3 5 12.4413196 3.1
7 4 4 7 3 5 12.4407291 2.4 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
Table B12: Frequency list for the observed 
conformer of ethyl isovalerate.     
       Upper Level             Lower Level
J Ka Kc J Ka Kc Obs 
[a]
 Obs–calc.
[b]
2 2 1 1 1 0 12.6897563 −3.3 
2 2 0 1 1 1 12.7223439 1.0 
3 0 3 2 0 2 3.9917569 0.2 
2 2 0 2 1 1 9.9958418 −3.5 
4 0 4 3 0 3 5.3212411 0.7 
3 2 1 3 1 2 9.9483988 −1.4
3 2 2 3 1 2 9.9472269 −2.6 
5 0 5 4 0 4 6.6497816 0.4 
5 1 4 4 0 4 10.2470526 3.6 
4 2 2 4 1 3 9.8863233 −0.2 
4 2 3 4 1 3 9.8828104 −1.5 
5 2 3 4 1 3 16.5449469 1.0 
4 2 2 4 1 4 10.2098334 5.6 
4 2 3 4 1 4 10.2063230 6.9 
6 0 6 5 0 5 7.9771470 0.2 
6 1 5 5 0 5 11.6777722 0.7 
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6 1 6 5 0 5 10.9984317 −3.3 
5 2 3 5 1 4 9.8106311 −0.3 
5 2 4 5 1 4 9.8024411 1.4 
6 1 5 5 1 4 8.0805035 −0.2 
5 2 3 5 1 5 10.2958910 5.2 
5 2 4 5 1 5 10.2876964 2.3 
7 0 7 6 0 6 9.3031100 −0.4 
7 1 6 6 0 6 13.1269443 4.2 
7 1 7 6 0 6 12.2212171 −1.5 
6 2 4 6 1 5 9.7225963 1.9 
6 2 5 6 1 5 9.7062140 −4.8
7 1 6 6 1 5 9.4263159 0.5 
6 2 5 6 1 6 10.3855604 5.1 
7 1 7 6 1 6 9.1999307 0.3 
8 0 8 7 0 7 10.6274540 0.3 
7 2 5 7 1 6 9.6237344 −0.6 
7 2 6 7 1 6 9.5942835 1.3 
8 1 7 7 1 6 10.7716778 −0.7 
7 2 5 7 1 7 10.5294552 −1.4 
7 2 6 7 1 7 10.5000040 0.3 
8 1 8 7 1 7 10.5130401 −0.4 
8 2 6 7 2 5 10.6637657 0.0 
8 2 7 7 2 6 10.6441900 0.3
8 3 5 7 3 4 10.6499801 −0.6 
8 3 6 7 3 5 10.6497144 0.0 
8 4 4 7 4 3 10.6486604 −1.5 
8 5 4 7 5 3 10.6481355 −2.5 
8 6 3 7 6 2 10.6478500 1.7 
9 0 9 8 0 8 11.9499726 0.6
8 2 6 8 1 7 9.5158234 1.2 
9 1 8 8 1 7 12.1165176 −0.1 
8 2 6 8 1 8 10.6801827 1.0 
8 2 7 8 1 8 10.6311527 −0.2 
9 1 9 8 1 8 11.8257054 0.6
9 2 7 8 2 6 12.0015561 −0.8 
9 2 8 8 2 7 11.9736747 0.1 
9 3 6 8 3 5 11.9820265 −0.2 
9 3 7 8 3 6 11.9815387 0.1 
9 4 6 8 4 5 11.9800966 0.5 
10 0 10 9 0 9 13.2704806 0.2
9 2 7 9 1 8 9.4008633 1.9 
10 1 9 9 1 8 13.4607542 1.0 
9 2 7 9 1 9 10.8560322 −1.6 
9 2 8 9 1 9 10.7791236 0.9 
10 0 10 9 1 9 10.5910536 1.0 
10 1 10 9 1 9 13.1378811 0.9 
10 2 9 9 2 8 13.3027930 0.0 
8 4 5 9 3 6 11.4494431 −1.9 
10 5 6 9 5 5 13.3106498 −2.9 
11 0 11 10 0 10 14.5888203 −0.2 
10 2 8 10 1 9 9.2810778 −1.5 
11 1 10 10 1 9 14.8042997 −0.7
10 2 9 10 1 10 10.9440327 −2.9 
11 0 11 10 1 10 12.0419940 1.2 
12 0 12 11 0 11 15.9048687 0.4 
11 2 9 11 1 10 9.1588987 −2.9 
12 1 11 11 1 10 16.1470689 0.1 
11 2 10 11 1 11 11.1260118 −0.5 
12 1 12 11 1 11 15.7606131 0.4 
13 0 13 12 0 12 17.2185418 0.2 
12 2 10 12 1 11 9.0369232 −1.2 
13 1 12 12 1 11 17.4889614 −0.5 
12 2 11 12 1 12 11.3251682 0.3 
13 1 13 12 1 12 17.0711046 −1.2 
13 1 12 12 2 10 8.4520358 −1.7 
13 1 12 12 2 11 8.6830647 −3.6 
14 0 14 13 0 13 18.5298053 −0.8 
13 2 11 13 1 12 8.9178766 −0.8
14 1 13 13 1 12 18.8298773 0.9 
13 2 12 13 1 13 11.5416052 −1.6 
14 1 14 13 1 13 18.3809821 −0.1 
14 1 13 13 2 11 9.9119998 0.8 
14 1 13 13 2 12 10.2253957 −4.3 
15 0 15 14 0 14 19.8386806 0.3 
14 2 12 14 1 13 8.8045813 −0.9 
15 1 14 14 1 13 20.1697027 0.3 
14 2 13 14 1 14 11.7754203 1.6 
15 1 15 14 1 14 19.6902228 0.5 
15 1 14 14 2 13 11.7803064 −1.9 
16 0 16 15 0 15 21.1452369 0.1
15 2 13 15 1 14 8.6999028 −2.6 
16 1 15 15 1 14 21.5083246 2.2 
15 2 14 15 1 15 12.0266735 0.0 
16 1 16 15 1 15 20.9988116 0.0 
16 1 15 15 2 13 12.8084193 2.2 
16 1 15 15 2 14 13.3471554 1.8
17 0 17 16 0 16 22.4496004 0.4 
16 2 14 16 1 15 8.6067083 −2.0 
16 2 15 16 1 16 12.2954193 2.2 
17 1 16 16 2 14 14.2389064 4.4 
17 1 16 16 2 15 14.9252095 −1.3
17 2 15 17 1 16 8.5278091 −2.0 
17 2 16 17 1 17 12.5816629 −4.0 
18 1 17 17 2 16 16.5136594 −1.7 
18 2 16 18 1 17 8.4659289 −2.2 
18 2 17 18 1 18 12.8854076 −0.2 
19 1 18 18 2 17 18.1115858 0.2
19 2 17 19 1 18 8.4236668 −2.9 
19 2 18 19 1 19 13.2065933 4.8 
20 1 19 19 2 18 19.7179577 −1.3 
20 2 18 20 1 19 8.4034779 −2.0 
20 2 19 20 1 20 13.5451164 −2.1 
21 2 19 21 1 20 8.4076527 −3.1 
21 2 20 21 1 21 13.9008623 −3.1 
22 2 20 22 1 21 8.4383298 −0.7 
23 2 21 23 1 22 8.4974800 −1.6 
23 2 22 23 1 23 14.6632584 −0.2 
24 2 22 24 1 23 8.5869412 0.6 
24 2 23 24 1 24 15.0694158 −0.4
25 2 24 25 1 25 15.4918114 −1.2 
26 3 24 26 2 25 17.9037141 3.9 
27 3 25 27 2 26 18.0714893 3.5 
[a]  Observed frequencies in GHz               
[b]  Observed – calculated frequencies in kHz        
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Table B13. Frequency list for the observed 
conformer 1 of ethyl pivalate.     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs 
[a]
Obs–calc.
[b]
3 0 3 2 0 2 5.5581436 0.1 
3 2 2 2 1 1 11.0184181 −0.6 
3 3 1 2 2 0 14.9099289 −1.6 
3 3 0 2 2 1 14.9145665 2.0 
4 2 3 3 1 2 12.7174322 −1.0
4 3 2 3 2 1 16.7592780 −0.1 
4 3 1 3 2 2 16.7826341 0.5 
5 0 5 4 0 4 9.2056613 −0.1 
5 1 5 4 0 4 10.4026371 0.1 
5 2 4 4 1 3 14.3634173 −0.5
5 2 3 4 2 2 9.3713614 0.0 
5 3 3 4 2 2 18.5910849 −2.4 
5 3 2 4 2 3 18.6616089 −0.1 
6 0 6 5 0 5 11.0025859 0.5 
6 1 6 5 0 5 11.9982579 −1.6 
6 2 5 5 1 4 15.9577564 −0.7
6 0 6 5 1 5 9.8056100 0.2 
6 1 6 5 1 5 10.8012844 0.5 
5 3 2 5 2 3 9.2230834 −0.1 
6 3 4 5 2 3 20.3934610 0.1 
6 3 3 5 2 4 20.5585423 0.0 
7 0 7 6 0 6 12.7812359 0.1 
7 1 6 6 1 5 13.3150208 −0.3 
7 2 6 6 1 5 17.5028652 −1.0 
7 0 7 6 1 6 11.7855624 0.7 
7 1 7 6 1 6 12.5877692 0.5 
7 2 5 6 2 4 13.2052726 −0.1 
7 3 5 6 2 4 22.1531128 0.4
7 2 6 6 2 5 12.9758648 0.1 
7 3 4 6 2 5 22.4826957 −0.2 
8 0 8 7 0 7 14.5442252 0.9 
8 1 8 7 0 7 15.1715227 −0.1 
8 1 7 7 1 6 15.1880074 0.0 
8 2 7 7 1 6 19.0025240 −0.9 
8 1 8 7 1 7 14.3693162 0.4 
8 2 6 7 2 5 15.1392368 −0.3 
8 3 6 7 2 5 23.8573506 1.6 
8 1 7 7 2 6 11.0001624 0.1 
8 2 7 7 2 6 14.8146800 0.2
8 3 5 7 3 4 14.9389994 0.2 
9 0 9 8 0 8 16.2958198 0.8 
9 1 9 8 0 8 16.7733584 0.1 
9 1 8 8 1 7 17.0471034 0.2 
9 2 8 8 1 7 20.4622490 −0.2 
9 0 9 8 1 8 15.6685207 0.1
9 2 7 8 2 6 17.0781686 −0.5 
9 2 8 8 2 7 16.6477318 0.1 
9 3 6 8 3 5 16.8312661 −0.3 
9 3 7 8 3 6 16.7781374 0.1 
10 0 10 9 0 9 18.0406790 0.9
10 1 10 9 0 9 18.3958649 1.1 
10 1 9 9 1 8 18.8896235 0.1 
10 2 9 9 1 8 21.8896300 0.2 
10 0 10 9 1 9 17.5631389 0.1 
10 1 10 9 1 9 17.9183255 1.0 
10 2 8 9 2 7 19.0163419 −0.9 
10 1 9 9 2 8 15.4744775 0.1 
10 2 9 9 2 8 18.4744841 0.3 
10 3 7 9 3 6 18.7349562 −0.5 
10 3 8 9 3 7 18.6461365 −0.2 
11 2 10 10 1 9 23.2945164 0.2 
12 1 11 11 1 10 22.5162019 0.8 
11 2 10 11 1 11 9.2427432 0.8
12 2 10 11 2 9 22.8709286 −0.3 
12 2 11 11 2 10 22.1075205 −0.6 
13 0 13 12 0 12 23.2675041 0.0 
13 0 13 12 1 12 23.0816255 0.3 
13 1 13 12 1 12 23.2132033 −0.5 
13 1 12 12 2 11 22.1259513 −0.8 
12 4 8 12 3 9 12.5343378 0.4 
12 4 9 12 3 10 13.0437697 −0.8 
13 3 10 12 4 9 12.0262359 −1.3 
13 4 9 13 3 10 12.3060089 1.9 
14 2 13 14 1 14 11.3385634 0.4 
14 4 10 14 3 11 12.0200352 0.7
15 4 12 14 5 9 11.3886653 1.0 
15 1 14 15 0 15 11.0453024 −0.5 
15 2 14 15 1 15 12.1122842 0.7 
16 1 15 16 0 16 12.0873739 1.4 
16 3 14 16 2 15 11.9950785 −0.4 
17 5 13 16 6 10 11.4057726 −0.2
17 3 15 17 2 16 12.5436444 −0.8 
17 5 12 17 4 13 16.1051886 −0.8 
20 1 19 20 0 20 16.0747617 −1.0 
20 2 18 20 1 19 12.3322020 0.8 
[a]  Observed frequencies in GHz               
[b]  Observed – calculated frequencies in kHz        
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Table B14. Frequency list for the observed 
conformer 2 of ethyl pivalate.     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs 
[a]
Obs–calc.
[b]
3 2 1 2 1 1 11.2799300 2.4 
3 2 2 2 1 2 11.4402850 −1.5 
4 1 3 3 0 3 10.0102000 1.4 
4 1 4 3 0 3 9.4544042 0.1 
4 2 2 3 1 2 13.1903460 −2.7
5 0 5 4 0 4 9.8805473 0.6 
5 1 5 4 0 4 11.3039852 −1.0 
5 1 4 4 1 3 10.0391912 0.7 
5 1 5 4 1 4 9.7616166 −0.1 
4 4 0 4 3 1 12.6284724 1.4
4 4 1 4 3 2 12.6286025 1.8 
6 0 6 5 0 5 11.8429965 0.7 
6 1 5 5 0 5 14.2999860 −2.7 
6 1 5 5 1 4 12.0431817 0.8 
6 0 6 5 1 5 10.4195554 −0.9 
6 1 6 5 1 5 11.7106617 0.4
6 2 4 5 2 3 11.9256261 0.5 
6 2 5 5 2 4 11.8814138 0.4 
5 4 1 5 3 2 12.6266933 −1.2 
6 3 3 5 3 2 11.8947680 −0.2 
5 4 2 5 3 3 12.6272122 0.5 
6 3 4 5 3 3 11.8937319 0.8 
5 5 0 5 4 1 16.2370389 1.3 
7 0 7 6 0 6 13.7985981 −0.2 
7 1 6 6 1 5 14.0448996 0.3 
7 0 7 6 1 6 12.5074934 0.1 
6 4 2 6 3 3 12.6234508 −1.2 
6 4 3 6 3 4 12.6249993 0.8
8 1 7 7 1 6 16.0438224 0.1 
8 1 8 7 1 7 15.6037185 −0.6 
8 1 7 7 2 6 11.3904144 −0.1 
8 2 7 7 2 6 15.8338270 0.3 
7 4 3 7 3 4 12.6179696 −0.5 
7 4 4 7 3 5 12.6218183 0.1 
8 4 4 8 3 5 12.6092099 0.5 
8 4 5 8 3 6 12.6176251 −0.6 
9 4 5 9 3 6 12.5958093 0.1 
9 4 6 9 3 7 12.6125163 −1.2 
10 4 6 10 3 7 12.5760309 −0.1
11 2 10 10 3 7 12.5290376 0.9 
10 4 7 10 3 8 12.6067756 −0.2 
10 5 5 10 4 6 16.2214766 −0.2 
10 5 6 10 4 7 16.2221359 0.7 
11 4 7 11 3 8 12.5477131 −0.6 
11 4 8 11 3 9 12.6009061 −0.7
11 5 6 11 4 7 16.2138754 −1.5 
11 5 7 11 4 8 16.2152811 0.2 
12 4 8 12 3 9 12.5082493 −0.7 
13 2 12 12 3 9 16.2431946 −0.5 
12 4 9 12 3 10 12.5956769 5.8
12 5 7 12 4 8 16.2037835 −0.8 
12 5 8 12 4 9 16.2065762 −0.1 
13 4 9 13 3 10 12.4546035 −1.0 
13 4 10 13 3 11 12.5921030 −0.7 
13 5 8 13 4 9 16.1905784 1.1 
13 5 9 13 4 10 16.1958139 −1.7 
14 4 10 14 3 11 12.3833944 −0.7 
14 4 11 14 3 12 12.5915209 0.2 
14 5 9 14 4 10 16.1734909 1.3 
14 5 10 14 4 11 16.1828425 −1.5 
15 4 11 15 3 12 12.2910613 −0.7 
15 4 12 15 3 13 12.5955121 −0.2 
15 5 10 15 4 11 16.1515746 0.3
15 5 11 15 4 12 16.1675817 −0.5 
16 3 14 16 2 15 9.9313800 0.4 
16 4 12 16 3 13 12.1741427 −0.4 
16 4 13 16 3 14 12.6059214 −0.3 
16 5 11 16 4 12 16.1236635 0.9 
16 5 12 16 4 13 16.1500544 0.0 
17 4 13 17 3 14 12.0296561 0.7 
17 4 14 17 3 15 12.6248113 −0.2 
17 5 12 17 4 13 16.0883196 −0.3 
17 5 13 17 4 14 16.1304171 −1.0 
18 4 14 18 3 15 11.8555596 0.8 
18 4 15 18 3 16 12.6544179 0.4
18 5 14 18 4 15 16.1089938 0.1 
19 2 18 19 1 19 10.8379760 0.1 
19 5 15 19 4 16 16.0862939 0.3 
20 5 16 20 4 17 16.0630481 0.3 
[a]  Observed frequencies in GHz               
[b]  Observed – calculated frequencies in kHz        
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Table B15. Frequency list for the Cs conformer of 
ethyl valerate.     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs
[a]
  Obs–calc.
[b]
4 1 4 3 0 3 9.5056361 −0.8 
6 1 6 5 0 5 11.3764471 −0.2 
4 2 3 5 1 4 11.3495754 −2.4 
5 2 4 6 1 5 10.2277690 −0.9 
8 1 8 7 0 7 13.1875511 0.0
6 2 5 7 1 6 9.0899960 3.7 
9 0 9 8 0 8 9.2012994 2.2 
9 1 8 8 1 7 9.3618830 2.6 
9 1 9 8 1 8 9.0669779 0.4 
7 2 5 8 1 8 9.1347757 1.3
9 2 7 8 2 6 9.2333137 1.2 
9 2 8 8 2 7 9.2160044 0.6 
10 0 10 9 0 9 10.2191307 0.9 
10 1 9 9 1 8 10.4008842 −1.7 
10 1 10 9 1 9 10.0733237 −1.2 
10 2 8 9 2 7 10.2629967 0.2
10 2 9 9 2 8 10.2392355 −0.4 
11 0 11 10 0 10 11.2355609 −0.5 
11 1 10 10 1 9 11.4394882 −1.0 
11 1 11 10 1 10 11.0793384 0.7 
11 2 9 10 2 8 11.2938354 −0.3 
11 2 10 10 2 9 11.2622239 2.1 
11 3 8 10 3 7 11.2717102 −2.1 
11 3 9 10 3 8 11.2711970 −2.0 
11 4 7 10 4 6 11.2695792 −0.6 
11 4 8 10 4 7 11.2695760 2.6 
12 0 12 11 0 11 12.2504734 0.2 
12 1 11 11 1 10 12.4776475 −0.7
12 1 12 11 1 11 12.0849961 0.0 
12 2 10 11 2 9 12.3259218 −0.9 
12 2 11 11 2 10 12.2849454 −1.2 
12 3 9 11 3 8 12.2973553 −1.8 
12 4 9 11 4 8 12.2945169 1.7 
13 1 12 12 1 11 13.5153121 −0.8 
13 2 11 12 2 10 13.3593361 0.4 
12 3 9 13 2 12 14.5949406 1.4 
13 3 10 14 2 13 13.5887219 −1.5 
16 0 16 15 1 15 12.4287542 0.8 
[a]  Observed frequencies in GHz               
[b]  Observed – calculated frequencies in kHz        
Table B16. Frequency list for the C1 conformer of 
ethyl valerate.     
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs 
[a]
Obs–calc.
[b]
2 2 0 1 1 1 13.9221748 0.1 
3 2 1 2 1 2 15.1468261 0.5 
3 2 1 3 1 2 11.4493628 1.4 
3 2 2 3 1 2 11.4490975 −2.9 c)
5 1 4 4 0 4 9.9960996 −0.4c)
5 1 5 4 0 4 9.7507604 0.5 
4 2 2 4 1 3 11.4174073 3.8 
4 2 3 4 1 3 11.4166182 −2.2 c)
4 2 3 4 1 4 11.5801718 1.5 
6 1 6 5 0 5 10.9102965 0.5
5 2 3 5 1 4 11.3778774 0.8 
5 2 4 5 1 4 11.3760490 −0.3 c)
5 2 3 5 1 5 11.6232215 4.9 
5 2 4 5 1 5 11.6213918 2.5 
7 1 6 6 0 6 12.5201896 1.5 c)
7 1 7 6 0 6 12.0621543 0.7
6 2 4 6 1 5 11.3310630 1.4 
6 2 5 6 1 5 11.3274053 −1.5 c)
6 2 4 6 1 6 11.6745654 3.8 
6 2 5 6 1 6 11.6709091 2.2 
8 0 8 7 0 7 9.6589684 −0.5 
8 1 7 7 0 7 13.7954948 −1.5 c)
8 1 8 7 0 7 13.2065493 0.1 
7 2 5 7 1 6 11.2772962 0.3 
8 1 7 7 1 6 9.7278838 −1.5
7 2 6 7 1 7 11.7287524 0.7 
8 1 8 7 1 7 9.5969733 0.6 
8 2 6 7 2 5 9.6675619 −1.2
8 2 7 7 2 6 9.6631774 −0.5 
8 3 6 7 3 5 9.6649925 4.1 
8 4 4 7 4 3 9.6655248 0.1 
8 4 5 7 4 4 9.6655248 0.2 
8 5 3 7 5 2 9.6664246 3.8 
8 5 4 7 5 3 9.6664246 3.8 
9 0 9 8 0 8 10.8649149 0.6 
9 1 8 8 0 8 15.0799773 −1.5 c)
9 1 9 8 0 8 14.3437378 −1.0 
8 2 6 8 1 7 11.2169743 0.7 
8 2 7 8 1 7 11.2060118 1.9 c)
9 1 8 8 1 7 10.9434494 −2.0 
8 2 7 8 1 8 11.7949558 −1.1 
9 1 9 8 1 8 10.7961576 −0.9 
9 2 8 8 2 7 10.8707590 −1.7 
9 4 5 8 4 4 10.8737104 −0.9 
9 4 6 8 4 5 10.8737104 −0.8
9 5 4 8 5 3 10.8746905 4.5 
9 5 5 8 5 4 10.8746905 4.5 
10 0 10 9 0 9 12.0703591 0.3 
10 1 10 9 0 9 15.4740181 0.5 
9 2 7 9 1 8 11.1505456 0.3
9 2 8 9 1 8 11.1333181 −1.0 c)
10 1 9 9 1 8 12.1588649 −1.3 
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9 2 8 9 1 9 11.8695587 −0.5 
10 1 10 9 1 9 11.9951923 −0.7 
10 2 8 9 2 7 12.0868372 −1.4 
10 2 9 9 2 8 12.0782316 −0.7 
10 3 7 9 3 6 12.0814652 −2.2 
10 3 8 9 3 7 12.0813818 −3.4 
10 4 6 9 4 5 12.0818966 0.0 
10 4 7 9 4 6 12.0818966 0.2 
10 5 5 9 5 4 12.0829415 3.4 
10 5 6 9 5 5 12.0829415 3.4 
11 0 11 10 0 10 13.2752490 −0.6
10 2 8 10 1 9 11.0785178 0.2 
10 2 9 10 1 9 11.0526850 −0.2 c)
11 1 10 10 1 9 13.3741099 −1.0 
10 2 9 10 1 10 11.9525985 0.0 
11 0 11 10 1 10 9.8715892 −1.8 
11 1 11 10 1 10 13.1940609 −0.2 
11 2 9 10 2 8 13.2970444 −1.9 
11 2 10 10 2 9 13.2855787 −1.6 
11 3 8 10 3 7 13.2897448 −3.3 
11 3 9 10 3 8 13.2896146 0.2 
12 0 12 11 0 11 14.4795363 1.1 
11 2 9 11 1 10 11.0014517 −1.3
11 2 10 11 1 10 10.9641537 −0.8 c)
12 0 12 11 1 10 10.0771018 −0.3 
12 1 11 11 1 10 14.5891668 0.5 
11 2 10 11 1 11 12.0441154 −2.2 
12 0 12 11 1 11 11.1570631 −2.0 
12 1 12 11 1 11 14.3927474 −0.3
12 2 10 12 1 11 10.9199689 0.7 
13 0 13 12 1 11 11.1711020 0.3 
12 2 11 12 1 12 12.1441617 −0.5 
13 0 13 12 1 12 12.4474834 0.0 
13 2 11 13 1 12 10.8347297 −3.0
13 2 12 13 1 13 12.2527780 −1.3 
14 0 14 13 1 13 13.7423409 0.8 
14 2 12 14 1 13 10.7464618 −5.0 
14 2 13 14 1 14 12.3700153 −2.3 
15 0 15 14 1 14 15.0411032 2.7 
15 2 14 15 1 15 12.4959250 −1.6
[a]  Observed frequencies in GHz               
[b]  Observed – calculated frequencies in kHz        
[c]  Assigned c types transitions  
Table B17. Frequency list of the observed conformer 
of ethyl 2-methyl butyrate. 
       Upper Level             Lower Level 
J Ka Kc J Ka Kc Obs. Obs–calc.
3 2 1 2 1 1 10.2155149 5.9 
3 2 2 2 1 1 10.1981675 −4.4 
3 2 1 2 1 2 10.4867084 2.9 
3 2 2 2 1 2 10.4693730 4.7 
4 1 4 3 0 3 8.0423064 −2.3 
5 0 5 4 0 4 8.3340666 2.3 
5 1 4 4 0 4 10.8702688 2.4 
5 1 5 4 0 4 9.5166586 −2.3 
5 2 4 4 2 3 8.3939245 −0.1 
5 3 2 4 3 1 8.4140412 −6.0
5 3 3 4 3 2 8.4122898 −6.3 
6 0 6 5 0 5 9.9660559 1.7 
6 1 6 5 0 5 10.9681021 −4.3 
6 1 5 5 1 4 10.3232063 1.4 
6 1 6 5 1 5 9.7855118 2.1 
6 2 4 5 2 3 10.1825070 1.3
6 2 5 5 2 4 10.0662399 −1.2 
6 3 3 5 3 2 10.1028326 −6.1 
6 3 4 5 3 3 10.0981797 −6.1 
7 0 7 6 0 6 11.5829097 1.1 
7 0 7 6 1 6 10.5808640 7.6
7 1 7 6 1 6 11.4055132 2.7 
8 0 8 7 1 6 9.8478123 3.7 
8 1 7 7 2 5 9.2289404 0.6 
8 1 7 7 2 6 9.6445105 7.3 
9 1 8 8 2 6 10.9823827 −6.9 
9 3 6 9 2 8 9.1825797 −4.2 
10 3 7 10 2 9 9.3795524 −0.9 
10 3 8 10 2 9 9.2416080 −6.9 
11 2 9 10 3 7 10.9697875 −5.1 
11 2 10 10 3 8 9.1235285 3.8 
11 3 8 11 2 10 9.6500931 0.4 
12 2 11 11 3 9 10.5961624 0.3 
13 3 10 13 2 12 10.4793929 −0.5 
13 3 11 13 2 12 9.8825552 9.4 
[a] Observed frequencies in GHz              
[b] Observed – calculated frequencies in kHz        
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Appendix C - Quantum Chemical Results 
Table C1. Cartesian coordinates of (2S,5S)-Cassyrane 
calculated at the MP2/6-311++G(d,p) level in the principal 
axes of inertia system. 
Atom a b c 
C –0.021932 –0.275314 0.151326
C –0.146781 2.072684 –0.193953
C –0.178265 1.772789 1.279343
C –0.121145 0.447772 1.473196
C 2.503237 0.141044 –0.147146
C –1.298217 2.934375 –0.692735
C 3.878915 –0.525741 –0.207089
C –1.160978 –1.316104 –0.063963
C –2.514190 –0.681924 0.281826
C –1.206369 –1.761705 –1.532792
C –0.945296 –2.543907 0.831616
C 1.383077 –0.890802 –0.008765
H –0.220897 2.540821 2.045800
H –0.106446 –0.059802 2.432696
H 2.468653 0.838706 0.698236
H 2.333556 0.725180 –1.057604
H 0.807933 2.554209 –0.463659
H –1.221563 3.944195 –0.274770
H –1.265496 3.005485 –1.783669
H –2.255249 2.499283 –0.393048
H 3.936496 –1.221751 –1.050898
H 4.676027 0.214736 –0.326421
H 4.078568 –1.092165 0.708931
H –2.579809 –0.421062 1.343431
H –2.675811 0.223998 –0.309340
H –3.320510 –1.389250 0.054778
H –0.290089 –2.276484 –1.837774
H –2.039355 –2.461074 –1.672444
H –1.358333 –0.902250 –2.191330
H –1.809888 –3.212526 0.745812
H –0.056307 –3.110933 0.538680
H –0.847011 –2.264691 1.887223
H 1.398988 –1.544663 –0.889006
H 1.585401 –1.524610 0.865484
O –0.207143 0.781204 –0.819899
Table C2. Cartesian coordinates of (2S,5S)-Cassyrane 
calculated at the B3LYP/6-311++G(d,p) level in the 
principal axes of inertia system. 
Atom a b c 
C 0.007776 –0.258731 0.154943
C –1.054232 –1.409478 –0.059118
C –2.474808 –0.879466 0.218892
C –1.014829 –1.910894 –1.517687
C –0.781424 –2.593437 0.891590
C 1.463858 –0.768575 –0.016300
C 2.540793 0.319991 –0.095024
C 3.948763 –0.268053 –0.236797
C –1.582700 2.824227 –0.707516
C –0.352136 2.077281 –0.199840
C –0.340154 1.772497 1.274363
C –0.152338 0.473881 1.472240
H –2.717910 –0.045407 –0.441177
H –3.206082 –1.673479 0.040998
H –2.592221 –0.542847 1.251774
H –0.075866 –2.412236 –1.762965
H –1.819563 –2.634680 –1.679088
H –1.153985 –1.083723 –2.215738
H –1.568695 –3.344467 0.776748
H 0.170350 –3.085164 0.679374
H –0.778979 –2.285552 1.941620
H 1.696532 –1.437671 0.819490
H 1.522434 –1.374960 –0.924487
H 2.328932 0.968588 –0.949551
H 2.501351 0.951816 0.798244
H 4.035714 –0.879086 –1.140981
H 4.703750 0.520930 –0.297499
H 4.203222 –0.904750 0.616907
H –1.606044 3.837723 –0.295013
H –1.551248 2.900486 –1.796909
H –2.501484 2.309591 –0.418780
H 0.542170 2.661070 –0.470736
H –0.453712 2.534070 2.036204
H –0.079370 –0.020241 2.432504
O –0.257247 0.783282 –0.822142
Table C3. Cartesian coordinates of (2S,5R)-Cassyrane 
calculated at the MP2/6-311++G(d,p) level in the principal 
axes of inertia system. 
Atom a b c 
C –0.223996 –0.193402 0.108256 
C 0.449450 2.064192 –0.216542
C 0.411126 1.749033 1.253678 
C 0.035239 0.475143 1.435997 
C 1.773721 2.632288 –0.707612
C 2.134075 –1.213232 0.258844 
C 2.992623 –2.417743 –0.131526
C 0.666285 –1.426228 –0.109173
C –1.740824 –0.499709 –0.111906
C –2.530447 0.814829 –0.180475
C –1.944693 –1.248354 –1.436061
C –2.302399 –1.341774 1.042744 
H –0.361924 2.763107 –0.480058
H 0.649025 2.473049 2.027322 
H –0.067371 –0.031881 2.389923 
H 1.758389 2.724185 –1.797307
H 1.941287 3.624919 –0.275217
H 2.598419 1.975746 –0.418003
H 2.226960 –1.026320 1.335168 
H 2.496811 –0.315672 –0.252750
H 4.041236 –2.266747 0.143362 
H 2.640339 –3.326484 0.368793 
H 2.947620 –2.591095 –1.211904
H 0.606531 –1.692385 –1.170818
H 0.267609 –2.275359 0.461265 
H –2.365937 1.429183 0.711363 
H –2.245835 1.390878 –1.065768
H –3.602279 0.593399 –0.245533
H –1.564591 –2.273754 –1.388345
H –3.015720 –1.301425 –1.665049
H –1.443434 –0.723693 –2.256231
H –3.340273 –1.616409 0.820288 
H –1.740376 –2.269766 1.191295 
H –2.303348 –0.780280 1.983392 
O 0.202188 0.801472 –0.854875
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Table C4. Cartesian coordinates of (2S,5R)-Cassyrane 
calculated at the B3LYP/6-311++G(d,p) level in the 
principal axes of inertia system. 
Atom a b c 
C 0.521558 2.073239 –0.212804
C –0.229940 –0.173047 0.119033
C 1.866145 2.595847 –0.712136
C –1.769379 –0.474836 –0.113225
C –2.578507 0.837279 –0.057922
C –1.988681 –1.106088 –1.503310
C –2.319745 –1.426945 0.968846
C 0.646467 –1.432944 –0.075697
C 2.146599 –1.246867 0.175559
C 2.940915 –2.530208 –0.089027
C 0.036940 0.513641 1.443010
C 0.456438 1.758903 1.257669
H –0.254073 2.810058 –0.476866
H 1.848402 2.695950 –1.799899
H 2.071865 3.580901 –0.281713
H 2.676901 1.918283 –0.436421
H –2.267052 1.523951 –0.847219
H –3.640906 0.621210 –0.204711
H –2.472549 1.343698 0.904217
H –1.586502 –2.119587 –1.567569
H –3.060424 –1.168502 –1.714929
H –1.523776 –0.499575 –2.283715
H –3.384049 –1.608072 0.790997
H –1.821286 –2.399058 0.962558
H –2.226884 –1.002325 1.972430
H 0.273205 –2.228070 0.578402
H 0.509880 –1.782649 –1.102275
H 2.519154 –0.447600 –0.470723
H 2.318394 –0.918903 1.206003
H 2.823469 –2.863514 –1.125111
H 4.009217 –2.379851 0.090932
H 2.608127 –3.347354 0.559521
H –0.098262 0.023713 2.398493
H 0.711313 2.477381 2.027183
O 0.201304 0.822722 –0.848590
Table C5. Cartesian coordinates of (2S,5S)-hydrogenated 
Cassyrane calculated at the MP2/6-311++G(d,p) level in the 
principal axes of inertia system. 
Atom a b c 
C 0.000516 –0.293409 0.190168
C –1.065398 –1.383931 –0.135057
C –2.479802 –0.849652 0.134135
C –1.001455 –1.770152 –1.621822
C –0.836270 –2.641481 0.715045
C 1.434708 –0.833463 0.047710
C 2.519768 0.240929 –0.051515
C 3.912729 –0.381436 –0.170856
C –1.063683 2.999591 –0.937415
C –0.244942 2.040412 –0.096620
C –0.813117 1.730612 1.286069
C -0.195519 0.360884 1.585293
H –2.667237 0.054850 –0.452198
H –3.216764 –1.605736 –0.160908
H –2.645487 –0.627550 1.193713
H –0.051400 –2.242909 –1.887945
H –1.798756 –2.490252 –1.841392
H –1.142193 –0.890539 –2.255531
H –1.649935 –3.354656 0.537940
H 0.102931 –3.139658 0.455256
H –0.820642 –2.414433 1.787240
H 1.646223 –1.479177 0.911270
H 1.507101 –1.463240 –0.846291
H 2.315696 0.866328 –0.926796
H 2.493330 0.897224 0.826977
H 3.974471 –1.022460 –1.056712
H 4.687548 0.386857 –0.256043
H 4.141646 –0.997402 0.705441
H –1.108956 3.981236 -0.453990
H –0.617936 3.119165 –1.928808
H –2.081543 2.614912 –1.054352
H 0.782836 2.422068 0.010221
H –1.904549 1.668918 1.227819
H –0.544429 2.491764 2.025399
H 0.774025 0.486665 2.078358
H –0.816177 –0.250756 2.244191
O –0.211372 0.774328 –0.764705
Table C6. Cartesian coordinates of (2S,5S)-hydrogenated 
Cassyrane calculated at the B3LYP/6-311++G(d,p) level in 
the principal axes of inertia system. 
Atom a b c 
C 0.006814 –0.286104 0.190617
C –1.043468 –1.421565 –0.130125
C –2.481869 –0.920874 0.118485
C –0.956273 –1.835331 –1.615665
C –0.799743 –2.666004 0.748672
C 1.461526 –0.795637 0.034023
C 2.549073 0.284294 –0.038315
C 3.951098 –0.316845 –0.186794
C –1.168408 2.990425 –0.946559
C –0.305706 2.058254 –0.113182
C –0.823201 1.747717 1.293994
C –0.200029 0.375466 1.588916
H –2.702803 –0.043126 –0.491329
H –3.195152 –1.704631 –0.152776
H –2.66388 –0.670782 1.166961
H –0.004306 –2.309611 –1.863755
H –1.745217 –2.559189 –1.841882
H –1.087431 –0.970727 –2.267956
H –1.578815 –3.409941 0.55725
H 0.161181 –3.139017 0.534827
H –0.829918 –2.430575 1.816701
H 1.681637 –1.466601 0.872293
H 1.538541 –1.400986 –0.87299
H 2.341272 0.940418 –0.887937
H 2.528346 0.915798 0.857102
H 4.027788 –0.922766 –1.095175
H 4.714207 0.464457 –0.245124
H 4.200872 –0.962064 0.661758
H –1.216436 3.979827 –0.481991
H –0.753766 3.105085 –1.950824
H –2.184958 2.59819 –1.036443
H 0.708492 2.478546 –0.040873
H –1.915129 1.691157 1.283301
H –0.532923 2.51124 2.019862
H 0.76261 0.496802 2.090131
H –0.820892 –0.231673 2.247493
O –0.232719 0.781399 –0.763637
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Table C7. Cartesian coordinates of (2S,5R)-hydrogenated 
Cassyrane calculated at the MP2/6-311++G(d,p) level in the 
principal axes of inertia system. 
Atom a b c 
C –0.262381 –0.185134 0.147094
C –1.787999 –0.396571 –0.106955
C –2.520163 0.954428 –0.117827
C –2.019985 –1.049322 –1.478537
C –2.408004 –1.288180 0.979101
C 0.548002 –1.460240 –0.129778
C 2.048828 –1.359384 0.147891
C 2.776750 –2.641352 –0.263330
C 0.032386 0.403652 1.550826
C 1.019057 1.544974 1.280964
C 0.594984 2.005758 –0.111591
C 1.668551 2.707856 –0.919072
H –2.161284 1.578101 –0.941859
H –3.593447 0.782436 –0.260757
H –2.400351 1.507788 0.819485
H –1.702946 –2.096563 –1.492109
H –3.089392 –1.025525 –1.719227
H –1.478922 –0.505882 –2.260085
H –3.471444 –1.441146 0.759850
H –1.934837 –2.274596 1.017087
H –2.337381 –0.833355 1.972885
H 0.130297 –2.293349 0.451340
H 0.424386 –1.708775 –1.189752
H 2.454465 –0.509889 –0.411739
H 2.231665 –1.168476 1.212182
H 2.640974 –2.836122 –1.332325
H 3.851074 –2.571951 –0.065893
H 2.386899 –3.504451 0.287274
H 0.426708 –0.356065 2.231851
H –0.876944 0.807240 2.003549
H 0.956135 2.348640 2.021631
H 2.050640 1.181283 1.245967
H –0.290701 2.655626 –0.025451
H 1.299789 2.953156 –1.918888
H 1.969531 3.635303 –0.420371
H 2.543682 2.058276 –1.017822
O 0.230752 0.800804 –0.795242
Table C8. Cartesian coordinates of (2S,5R)-hydrogenated 
Cassyrane calculated at the B3LYP/6-311++G(d,p) level in 
the principal axes of inertia system. 
Atom a b c 
C 0.611853 2.029405 –0.123224
C –0.257576 –0.178298 0.151409
C 1.003399 1.587098 1.289695
C 0.039834 0.422245 1.558402
C 1.701854 2.715666 –0.928662
C –1.801263 –0.401996 –0.109369
C –2.560795 0.942024 –0.05671
C –2.037473 –0.995713 –1.51511
C –2.410518 –1.352559 0.942575
C 0.55626 –1.46568 –0.114612
C 2.070263 –1.383446 0.118368
C 2.778248 –2.69405 –0.242859
H –0.26248 2.695308 –0.064958
H 0.906714 2.394852 2.019396
H 2.043328 1.24975 1.295859
H –0.872309 0.794163 2.025563
H 0.45992 –0.323806 2.234921
H 1.352996 2.936202 –1.940214
H 1.988706 3.658503 –0.453315
H 2.586852 2.077915 –1.001204
H –2.198256 1.624947 –0.827149
H –3.625346 0.767962 –0.238942
H –2.479538 1.441105 0.912156
H –1.691181 –2.028382 –1.594943
H –3.108117 –0.996202 –1.740639
H –1.53071 –0.401023 –2.278434
H –3.481901 –1.472419 0.754992
H –1.962898 –2.348683 0.907345
H –2.299635 –0.968486 1.960415
H 0.149451 –2.275837 0.500515
H 0.397769 –1.754096 –1.156828
H 2.481384 –0.57058 –0.486528
H 2.287419 –1.141313 1.16438
H 2.620222 –2.951573 –1.29482
H 3.857026 –2.621794 –0.077684
H 2.405924 –3.528575 0.360332
O 0.227913 0.817447 –0.789421
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Table C9: Cartesian coordinates of the conformer 1 of cat ketone 
observed in the molecular beam calculated at the MP2/6-31G(d,p) 
level in the principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 2.997781 0.380104 –0.633283
C 1.684888 0.023543 0.034016
C 0.494149 0.865774 –0.398596
C –0.896537 0.459159 0.099229
C –1.002503 0.548392 1.623451
C –1.925119 1.399832 –0.538532
H 3.123343 1.464150 –0.705704
H 2.989816 –0.020787 –1.653304
H 3.827231 –0.064333 –0.081742
H 0.498983 0.894387 –1.497033
H 0.703557 1.896610 –0.068168
H –0.330913 –0.156228 2.115818
H –0.743217 1.564935 1.948322
H –2.028639 0.336794 1.937772
H –1.710407 2.433275 –0.243023
H –1.894914 1.339321 –1.631632
H –2.936026 1.147660 –0.203587
H –0.438975 –1.869716 0.240459
O 1.605514 –0.886600 0.843754
S –1.344302 –1.219089 –0.497016
Table C10: Cartesian coordinates of the conformer 2 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C –2.514965 0.831059 0.682631
C –1.623173 –0.256373 0.131312
C –0.376222 –0.588336 0.942729
C 0.946881 –0.352980 0.184084
C 2.100332 –0.403683 1.190508
C 1.171226 –1.391833 –0.914378
H –1.932064 1.751299 0.793001
H –2.865173 0.543961 1.680672
H –3.366649 0.994736 0.021030
H –0.430428 –1.649832 1.222672
H –0.366298 0.010068 1.860138
H 2.009477 0.388179 1.941700
H 2.088733 –1.370473 1.706397
H 3.061795 –0.292343 0.680067
H 1.217149 –2.391811 –0.465158
H 0.358457 –1.386447 –1.643177
H 2.116639 –1.192962 –1.427480
H 0.139362 1.090188 –1.534462
O –1.876752 –0.842688 –0.910498
S 0.985943 1.343589 –0.528978
Table C11: Cartesian coordinates of the conformer 3 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C –2.948520 –1.171457 0.026601
C –1.845609 –0.132262 –0.041543
C –0.436692 –0.708081 –0.132044
C 0.738552 0.267998 –0.001468
C 0.774461 1.268112 –1.158488
C 0.712898 0.992956 1.347934
H –2.961343 –1.604289 1.033341
H –2.766725 –1.986786 –0.679467
H –3.912681 –0.702059 –0.172918
H –0.376195 –1.235169 –1.096429
H –0.352806 –1.493229 0.631701
H 0.825754 0.745348 –2.120500
H –0.124641 1.889886 –1.143895
H 1.656859 1.908693 –1.074017
H –0.164726 1.640755 1.402338
H 0.679106 0.276414 2.175964
H 1.609481 1.610183 1.464411
H 2.128595 –1.250015 –1.204443
O –2.090829 1.062502 –0.008227
S 2.292322 –0.719377 0.013441
Table C12: Cartesian coordinates of the conformer 4 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C 2.398994 1.087825 0.487336
C 1.656106 –0.186698 0.158533
C 0.396310 –0.484459 0.964602
C –0.918964 –0.381627 0.165456
C –0.938469 –1.326905 –1.038049
C –2.084728 –0.711826 1.100020
H 2.725013 1.057015 1.533397
H 1.726483 1.942990 0.373967
H 3.264651 1.197572 –0.167158
H 0.335944 0.186139 1.830530
H 0.483498 –1.515191 1.334261
H –0.167718 –1.079227 –1.770365
H –0.757405 –2.351798 –0.697728
H –1.918513 –1.285571 –1.523798
H –1.983849 –1.740014 1.468623
H –2.102542 –0.037215 1.962867
H –3.036950 –0.619699 0.570074
H –1.239894 1.922695 0.666221
O 2.049653 –0.971575 –0.690495
S –1.132327 1.311301 –0.520296
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Table C13: Cartesian coordinates of the conformer 5 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C 2.955055 –1.165594 0.008573
C 1.846109 –0.131698 –0.043848
C 0.437213 –0.713525 –0.080075
C –0.738128 0.263927 0.035904
C –0.699660 1.030958 1.358676
C –0.789603 1.227692 –1.154271
H 2.757194 –1.990444 –0.681900
H 2.998504 –1.585456 1.019962
H 3.911137 –0.694982 –0.224149
H 0.381453 –1.465096 0.721059
H 0.348772 –1.283663 –1.015806
H –0.684002 0.338749 2.208488
H 0.193098 1.661401 1.401195
H –1.587005 1.662943 1.453626
H 0.093308 1.869572 –1.147383
H –0.820919 0.676756 –2.100625
H –1.683472 1.856879 –1.093004
H –2.072599 –1.450939 1.020086
O 2.087447 1.064300 –0.045382
S –2.295311 –0.711779 –0.073421
Table C14: Cartesian coordinates of the conformer 6 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C –2.827985 –0.697970 0.128527
C –1.657808 0.187843 –0.234508
C –0.461296 –0.489251 –0.891197
C 0.801484 –0.514784 –0.001831
C 0.468203 –1.014101 1.406757
C 1.834884 –1.441794 –0.648594
H –2.488651 –1.511751 0.778099
H –3.231107 –1.157319 –0.781082
H –3.603731 –0.114863 0.626327
H –0.230275 0.042334 –1.821036
H –0.722261 –1.526503 –1.138038
H –0.208189 –0.329121 1.927928
H –0.001073 –2.005773 1.355846
H 1.382748 –1.095283 2.000917
H 1.459825 –2.471699 –0.647594
H 2.037411 –1.139820 –1.680577
H 2.776382 –1.419885 –0.089392
H 0.471042 1.822767 0.293291
O –1.664798 1.389660 –0.008242
S 1.598734 1.138665 0.068523
Table C15: Cartesian coordinates of the conformer 7 of cat ketone 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C 2.600425 –1.255335 0.084522
C 1.807554 –0.027136 –0.307449
C 0.388369 –0.261188 –0.813469
C –0.691959 0.159458 0.208523
C –0.491644 –0.560841 1.545392
C –0.707248 1.673330 0.422586
H 2.780969 –1.859589 –0.812123
H 2.026812 –1.875631 0.779892
H 3.553178 –0.964008 0.528696
H 0.248343 –1.318534 –1.060085
H 0.257279 0.328411 –1.728690
H –0.462432 –1.647683 1.413860
H 0.446065 –0.235169 2.009091
H –1.306560 –0.318922 2.234979
H 0.255368 2.015920 0.813665
H –0.891072 2.197355 –0.521011
H –1.499582 1.940937 1.127462
H –2.299800 0.323773 –1.534776
O 2.280582 1.097209 –0.238313
S –2.329426 –0.402383 –0.411167
Table C16: Cartesian coordinates 4-methylpentan-2-one calculated 
at the MP2/6-311++G(d,p) level in the principal axis of inertia 
system.  
Atom a / Å b / Å c / Å 
C 1.483604 –0.001680 –0.046458
C 2.754237 0.827291 0.011491
C 0.197718 0.805153 –0.161011
C –1.142237 0.073411 0.002752
C –1.216851 –0.616871 1.370225
C –1.349880 –0.948328 –1.122226
C –2.252097 1.130219 –0.079721
H 2.724978 1.643496 –0.716267
H 2.836503 1.277128 1.007474
H 3.621695 0.190115 –0.165850
H 0.265406 1.622791 0.573171
H 0.229109 1.299714 –1.145170
H –2.212167 –1.052246 1.515847
H –0.476263 –1.415580 1.453820
H –1.046949 0.106447 2.177582
H –1.300016 –0.456892 –2.101811
H –0.594904 –1.736289 –1.087555
H –2.340132 –1.409360 –1.029209
H –3.236266 0.657989 0.017548
H –2.149875 1.871802 0.721568
H –2.221628 1.657468 –1.040734
O 1.516278 –1.220402 0.007349
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Table C17: Cartesian coordinates of 4-hydroxy-4-methylpentan-2-
one calculated at the MP2/6-311++G(d,p) level in the principal axis 
of inertia system.  
Atom a / Å b / Å c / Å 
C –2.753524 –0.806391 0.066684
C –1.472388 –0.018078 –0.082016
C –0.205482 –0.829005 –0.297891
C 1.106773 –0.097663 0.024940
C 1.170271 0.286336 1.505655
C 2.287025 –0.988576 –0.340553
H –2.749321 –1.306375 1.041875
H –2.812647 –1.585908 –0.699126
H –3.615286 –0.141196 0.001624
H –0.197866 –1.109386 –1.361688
H –0.277176 –1.763504 0.273283
H 0.363655 0.975795 1.769931
H 1.095459 –0.603495 2.140937
H 2.124093 0.781349 1.709075
H 2.277226 –1.910064 0.250391
H 2.249308 –1.244202 –1.403564
H 3.221282 –0.454025 –0.145973
H 0.435915 1.585567 –0.628351
O –1.463595 1.205846 –0.044089
O 1.230815 1.061687 –0.799511
Table C18: Cartesian coordinates of the conformer 1 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C 1.817600 0.153943 0.212899
C 2.072251 1.644409 0.219879
C 0.627445 –0.352530 1.017884
C –0.583780 –0.786893 0.164086
C –0.199657 –1.875717 –0.842098
C –1.671059 –1.322715 1.098338
C –1.822976 1.758298 0.384466
H 2.256215 1.977027 1.248002
H 2.934208 1.880665 –0.405596
H 1.184833 2.167185 –0.149122
H 0.965044 –1.233107 1.579992
H 0.309886 0.406505 1.742169
H 0.272600 –2.711201 –0.314562
H –1.097339 –2.241091 –1.350869
H 0.508234 –1.513545 –1.590953
H –1.946282 –0.590328 1.863260
H –2.566915 –1.588434 0.528724
H –1.302274 –2.219747 1.610332
H –1.031231 2.081932 1.064808
H –2.174181 2.635051 –0.165643
H –2.662287 1.354256 0.953234
O 2.540623 –0.628223 –0.385108
S –1.223925 0.594722 –0.862353
Table C19: Cartesian coordinates of the conformer 2 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C –1.706529 –0.384754 –0.117079
C –2.348674 0.568517 –1.099303
C –0.489281 –1.153539 –0.607040
C 0.855747 –0.670261 –0.015722
C 0.931498 –0.918536 1.489076
C 1.977369 –1.446233 –0.717393
C 0.330868 2.016275 0.861010
H –2.773864 –0.012092 –1.926456
H –3.138041 1.142908 –0.611928
H –1.587465 1.229340 –1.526182
H –0.625600 –2.203295 –0.314574
H –0.425699 –1.096046 –1.699264
H 0.857818 –1.996693 1.674871
H 1.889811 –0.562436 1.881100
H 0.116956 –0.438367 2.033790
H 2.012134 –1.212001 –1.787154
H 2.947430 –1.198398 –0.276806
H 1.802607 –2.522606 –0.606580
H 0.741863 1.800941 1.848191
H 0.515274 3.069540 0.633554
H –0.747341 1.849936 0.864215
O –2.144050 –0.551480 1.012679
S 1.191153 1.089993 –0.435021
Table C20: Cartesian coordinates of the conformer 3 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C 1.729635 –0.037523 0.282576
C 2.320034 –0.899315 –0.813099
C 0.509967 –0.538479 1.045086
C –0.800190 –0.683899 0.236849
C –0.821772 –1.950595 –0.626531
C –1.967131 –0.755227 1.226425
C –0.929790 2.144573 0.145756
H 1.773307 –0.704492 –1.741446
H 3.365152 –0.620905 –0.960520
H 2.238110 –1.964170 –0.580877
H 0.743659 –1.517619 1.488931
H 0.353736 0.169697 1.865131
H –0.683106 –2.830076 0.013173
H –1.790291 –2.042710 –1.128730
H –0.043737 –1.951442 –1.392030
H –2.036376 0.150910 1.834958
H –2.911721 –0.890581 0.691380
H –1.821852 –1.604491 1.906219
H 0.045238 2.223218 0.629088
H –1.065083 3.014515 –0.501715
H –1.732261 2.144976 0.885901
O 2.229423 1.039997 0.572763
S –1.018243 0.703250 –0.943293
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Table C21: Cartesian coordinates of the conformer 4 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C –2.001748 –0.327183 –0.294100
C –2.870896 0.660579 –1.042450
C –0.526882 –0.367166 –0.675090
C 0.386365 0.262236 0.401671
C –0.068949 1.688289 0.730082
C 0.416304 –0.576704 1.680055
C 2.508687 –1.215981 –0.767540
H –2.429199 1.661013 –1.008325
H –2.915492 0.363852 –2.096813
H –3.877187 0.672326 –0.621463
H –0.255182 –1.419804 –0.810295
H –0.370477 0.161260 –1.622016
H –1.051368 1.667373 1.215444
H 0.634873 2.161845 1.422349
H –0.130261 2.304900 –0.172791
H 0.778305 –1.590402 1.484303
H 1.074763 –0.105788 2.415986
H –0.589747 –0.666266 2.100470
H 1.885644 –1.582128 –1.585871
H 3.542328 –1.171901 –1.119427
H 2.466708 –1.906266 0.077161
O –2.457593 –1.068681 0.563514
S 2.078076 0.470733 –0.284033
Table C22: Cartesian coordinates of the conformer 5 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C –2.055378 –0.281993 0.038736
C –3.017803 –1.373086 –0.391857
C –0.583460 –0.621050 –0.165861
C 0.435763 0.514103 –0.015272
C 0.143880 1.642207 –1.011250
C 0.480279 1.060903 1.412952
C 2.415110 –1.413599 0.686401
H –2.660837 –2.359398 –0.081303
H –4.008318 –1.178539 0.021555
H –3.079131 –1.374742 –1.486090
H –0.361816 –1.429197 0.546598
H –0.484972 –1.073408 –1.162600
H –0.813129 2.111236 –0.770538
H 0.928021 2.404550 –0.960726
H 0.105222 1.256880 –2.036253
H 0.673718 0.264940 2.139576
H 1.273651 1.809199 1.502540
H –0.479020 1.521711 1.662187
H 1.698106 –2.234802 0.618743
H 3.403971 –1.808868 0.440768
H 2.448731 –1.024783 1.705769
O –2.454367 0.775561 0.498110
S 2.089421 –0.112450 –0.524532
Table C23: Cartesian coordinates of the conformer 6 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C –2.019890 –0.219249 –0.316424
C –2.586520 –1.534992 0.174349
C –0.571147 –0.226207 –0.788528
C 0.388162 0.449111 0.219272
C 0.169188 1.964770 0.244223
C 0.216280 –0.118978 1.629115
C 2.403933 –1.524462 –0.112125
H –3.580485 –1.383835 0.597704
H –2.649571 –2.228734 –0.672288
H –1.920623 –1.988531 0.914643
H –0.254740 –1.259900 –0.963951
H –0.515155 0.320103 –1.735925
H –0.865803 2.191125 0.513924
H 0.840331 2.428906 0.973633
H 0.364875 2.401792 –0.740642
H 0.318085 –1.208567 1.649122
H 0.967304 0.308544 2.300559
H –0.776136 0.137753 2.019702
H 1.674727 –2.143505 –0.640417
H 3.389079 –1.731938 –0.537197
H 2.424839 –1.789609 0.946406
O –2.692084 0.800812 –0.346371
S 2.115829 0.240963 –0.366566
Table C24: Cartesian coordinates of the conformer 7 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C 1.933429 –0.027155 0.006642
C 2.448948 –1.348367 –0.517479
C 0.883240 0.694025 –0.833103
C –0.535419 0.704158 –0.220288
C –0.538274 1.318402 1.179734
C –1.446603 1.512040 –1.149297
C –2.596350 –0.977264 0.761888
H 2.974033 –1.173918 –1.464034
H 3.132202 –1.796901 0.204911
H 1.613837 –2.023659 –0.723412
H 1.203483 1.739258 –0.927418
H 0.832044 0.256863 –1.837660
H –0.074124 2.310491 1.144582
H –1.564962 1.439246 1.538310
H 0.019116 0.711018 1.895295
H –1.423652 1.106549 –2.164956
H –2.482209 1.500127 –0.795140
H –1.114923 2.557455 –1.175171
H –3.314915 –0.289058 0.311833
H –3.021962 –1.982980 0.728349
H –2.419584 –0.710751 1.804985
O 2.358871 0.477467 1.034438
S –1.058169 –1.057778 –0.181783
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Table C25: Cartesian coordinates of the conformer 8 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C –2.148161 –0.029207 –0.250946
C –2.949810 –1.176900 0.323852
C –0.759918 –0.359395 –0.785417
C 0.369764 0.156572 0.137557
C 0.462483 1.681199 0.084574
C 0.153795 –0.318010 1.577038
C 3.202078 0.207580 0.326628
H –3.876824 –0.806394 0.763538
H –3.180281 –1.885078 –0.480562
H –2.361188 –1.718193 1.070528
H –0.659731 –1.445332 –0.902605
H –0.652379 0.109996 –1.769570
H –0.488814 2.127090 0.389187
H 1.242203 2.045337 0.760294
H 0.691416 2.017945 –0.931308
H 0.044854 –1.406034 1.619430
H 1.001170 –0.037457 2.210204
H –0.740622 0.151916 2.005211
H 3.091554 0.099397 1.407811
H 4.125541 –0.295590 0.029673
H 3.283205 1.262351 0.059531
O –2.592027 1.108033 –0.300602
S 1.875526 –0.622000 –0.576486
Table C26: Cartesian coordinates of the conformer 9 of Corps 
casis calculated at the MP2/6-311++G(d,p) level in the principal 
axis of inertia system.  
Atom a / Å b / Å c / Å 
C 2.183063 –0.089665 –0.060905
C 3.307148 –1.105599 0.009986
C 0.788884 –0.695922 –0.159875
C –0.407571 0.246260 0.028600
C –0.340379 0.950792 1.385911
C –0.501334 1.253747 –1.118552
C –3.250950 0.205881 –0.039068
H 3.140522 –1.926136 –0.693886
H 4.261467 –0.617420 –0.191825
H 3.328991 –1.535420 1.017884
H 0.726148 –1.180507 –1.146003
H 0.738789 –1.514668 0.573284
H 0.496356 1.654504 1.405321
H –1.259187 1.513326 1.578202
H –0.216807 0.219104 2.190865
H –0.603503 0.735581 –2.078012
H –1.365569 1.912063 –0.989357
H 0.396949 1.875923 –1.138191
H –3.323754 0.754230 –0.979586
H –4.136674 –0.426235 0.060933
H –3.235107 0.901461 0.802646
O 2.403003 1.110014 –0.033980
S –1.836683 –0.917201 –0.013298
Table C27: Cartesian coordinates of the conformer 1 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.180016 0.345897 0.256806
C 1.333345 –0.441998 –0.929470
C –0.042557 –1.074908 –0.809379
C –1.073873 –0.366521 0.093100
C –0.861946 –0.708122 1.570851
C –2.477658 –0.815998 –0.327825
H 3.553227 0.485219 1.272452
H 3.129505 1.319959 –0.250093
H 3.871147 –0.305022 –0.296420
H 1.983990 –1.103156 –1.524285
H 1.260505 0.520792 –1.455499
H 0.062814 –2.107224 –0.449024
H –0.446583 –1.125118 –1.829370
H –1.617602 –0.207344 2.183636
H –0.962603 –1.792322 1.709913
H 0.131857 –0.410297 1.908144
H –3.236011 –0.402509 0.344014
H –2.706871 –0.500830 –1.351504
H –2.534561 –1.909929 –0.285261
H 0.106108 1.651254 0.502969
O 1.896673 –0.241321 0.356209
S –1.052177 1.455405 –0.138557
Table C28: Cartesian coordinates of the conformer 2 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.221513 0.342436 0.275708
C 1.417775 –0.999503 –0.358916
C –0.021854 –1.003632 –0.848017
C –1.075279 –0.367895 0.078599
C –0.838324 –0.740463 1.543169
C –2.461846 –0.853679 –0.358181
H 3.506572 1.386438 0.412289
H 3.878166 –0.117333 –0.475532
H 3.339301 –0.194536 1.227259
H 1.509083 –1.569470 0.578471
H 2.051251 –1.495315 –1.111736
H –0.292260 –2.062347 –0.980660
H –0.075793 –0.528975 –1.833978
H –1.661679 –0.368052 2.159525
H –0.786537 –1.832196 1.653811
H 0.090237 –0.304011 1.921779
H –3.250257 –0.342108 0.204076
H –2.620980 –0.667580 –1.425105
H –2.550578 –1.930260 –0.171814
H 0.181168 1.645315 0.046230
O 1.872952 0.327390 –0.153575
S –1.132401 1.460096 –0.117409
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Table C29: Cartesian coordinates of the conformer 3 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.365794 0.367628 0.362466
C 1.350408 0.324069 –0.812674
C 0.097802 –0.501608 –1.055879
C –0.989965 –0.440948 0.029076
C –0.439088 –0.742573 1.425180
C –2.092116 –1.443611 –0.318802
H 3.983264 –0.234863 1.030259
H 3.117756 1.318068 0.855915
H 3.931220 0.584504 –0.555145
H 1.877055 0.488393 –1.766198
H 1.088152 1.308267 –0.396630
H 0.409962 –1.548001 –1.178039
H –0.348765 –0.186816 –2.008159
H –1.258605 –0.778400 2.150698
H 0.070846 –1.710797 1.414845
H 0.286671 0.007053 1.748618
H –2.909014 –1.387985 0.406151
H –2.501216 –1.246841 –1.316050
H –1.681570 –2.461018 –0.310855
H –2.214075 1.256516 –1.106909
O 2.200871 –0.380800 0.078694
S –1.707696 1.249941 0.132255
Table C30: Cartesian coordinates of the conformer 4 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C –2.687581 0.645382 –0.473070
C –1.376456 –1.242540 0.046352
C –0.109068 –1.002717 –0.774021
C 1.066594 –0.316326 –0.056688
C 2.310122 –0.438320 –0.944461
C 1.344247 –0.950858 1.306745
H –3.203213 1.472751 0.016862
H –3.427448 0.000892 –0.967528
H –2.000213 1.051915 –1.223895
H –2.092793 –1.809424 –0.569282
H –1.146213 –1.847779 0.926692
H –0.340550 –0.447635 –1.690225
H 0.237709 –1.999133 –1.089880
H 3.159006 0.094372 –0.503665
H 2.582750 –1.494482 –1.050720
H 2.121214 –0.026930 –1.941569
H 2.260127 –0.531986 1.733356
H 0.529479 –0.766975 2.012724
H 1.473800 –2.035979 1.197114
H –0.279488 1.384230 0.916148
O –2.003041 –0.068935 0.542653
S 0.800417 1.494359 0.134911
Table C31: Cartesian coordinates of the conformer 5 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.679701 0.328524 0.204943
C 1.375486 –0.034686 0.263471
C 0.243581 –0.654400 –0.537901
C –1.169234 –0.424725 0.017464
C –1.269222 –0.825279 1.492512
C –2.167310 –1.241742 –0.805541
H 4.555768 0.175724 –0.426965
H 3.833950 –0.182123 1.166094
H 3.551948 1.403783 0.392639
H 1.183733 1.034281 0.435172
H 1.481758 –0.529246 1.241312
H 0.413144 –1.738053 –0.600350
H 0.299058 –0.260744 –1.560358
H –2.306742 –0.763611 1.835913
H –0.926603 –1.859586 1.612094
H –0.658943 –0.184023 2.135213
H –3.190698 –1.058656 –0.465975
H –2.103116 –0.979408 –1.867028
H –1.945685 –2.311380 –0.703090
H –1.543862 1.459202 –1.384152
O 2.567850 –0.205006 –0.485373
S –1.628076 1.355743 –0.052564
Table C32: Cartesian coordinates of the conformer 6 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.368833 0.327626 0.391171
C 1.340070 0.417146 –0.758030
C 0.085157 –0.380837 –1.079323
C –0.988031 –0.447989 0.021019
C –0.409899 –0.847205 1.378587
C –2.064207 –1.450344 –0.402681
H 4.000348 –0.352054 0.965039
H 3.119428 1.201539 1.009562
H 3.919447 0.669889 –0.496678
H 1.849486 0.699882 –1.692755
H 1.086449 1.342143 –0.218194
H 0.397085 –1.406172 –1.316501
H –0.375240 0.032227 –1.986630
H –1.218005 –0.945498 2.112637
H 0.106444 –1.809793 1.295749
H 0.306061 –0.110461 1.746547
H –2.886412 –1.469198 0.320190
H –2.474945 –1.189779 –1.382639
H –1.630480 –2.456912 –0.455838
H –2.459971 0.997203 1.209335
O 2.206082 –0.388257 0.025538
S –1.721444 1.239328 0.120859
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Table C33: Cartesian coordinates of the conformer 7 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C –3.557075 0.196017 0.005019
C –1.531002 –0.955533 0.101351
C –0.083456 –0.970670 –0.369899
C 0.814757 0.177645 0.125912
C 0.662742 0.401608 1.630555
C 0.550857 1.485905 –0.628588
H –3.999131 1.123703 –0.360931
H –3.690286 0.135593 1.094456
H –4.068015 –0.657621 –0.461762
H –2.040115 –1.842646 –0.309828
H –1.586171 –1.024647 1.199089
H –0.056966 –0.995584 –1.465369
H 0.337046 –1.923337 –0.020901
H 1.390430 1.140482 1.977291
H –0.342837 0.774193 1.857713
H 0.826222 –0.527021 2.189940
H 1.246162 2.262667 –0.292599
H 0.680378 1.346231 –1.706899
H –0.472995 1.815953 –0.446020
H 2.615444 –1.349753 0.480862
O –2.185868 0.218887 –0.341194
S 2.562031 –0.243999 –0.271459
Table C34: Cartesian coordinates of the conformer 8 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C –3.564411 0.178634 0.030980
C –1.525017 –0.946899 0.142694
C –0.083854 –0.972812 –0.346002
C 0.816088 0.200091 0.086666
C 0.692466 0.474666 1.587160
C 0.527178 1.476423 –0.707739
H –4.023910 1.082474 –0.371380
H –3.674350 0.171709 1.124651
H –4.075897 –0.702355 –0.381288
H –2.030040 –1.858520 –0.216542
H –1.562046 –0.963974 1.243230
H –0.079755 –1.041482 –1.441603
H 0.354519 –1.903549 0.034705
H 1.432160 1.217892 1.902133
H –0.301574 0.876049 1.808624
H 0.845775 –0.436757 2.175200
H 1.214173 2.271408 –0.402366
H 0.661710 1.302521 –1.780947
H –0.504121 1.796660 –0.541123
H 2.444095 –0.526362 –1.489405
O –2.201048 0.197296 –0.345031
S 2.571876 –0.293154 –0.177757
Table C35: Cartesian coordinates of the conformer 9 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C –3.538253 0.171830 0.028981
C –1.502212 –0.958769 0.157362
C –0.060153 –0.979798 –0.324978
C 0.809838 0.225485 0.085711
C 0.602546 0.595440 1.554917
C 0.558011 1.442788 –0.807282
H –3.994824 1.070496 –0.387961
H –3.647248 0.183281 1.122717
H –4.052984 –0.713920 –0.368660
H –2.003158 –1.875162 –0.194626
H –1.545191 –0.961802 1.257514
H –0.043454 –1.077533 –1.416754
H 0.383572 –1.896513 0.088667
H 1.318195 1.367506 1.855451
H –0.407371 0.994679 1.704343
H 0.747656 –0.272029 2.206569
H 1.227736 2.263534 –0.525874
H 0.743066 1.195249 –1.856675
H –0.476181 1.778247 –0.700411
H 3.113938 0.829001 –0.019966
O –2.174907 0.179726 –0.348135
S 2.535148 –0.367384 –0.173717
Table C36: Cartesian coordinates of the conformer 10 of Cassis 
mercaptan calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 3.674068 0.302552 0.214228
C 1.361885 –0.001837 0.246252
C 0.227259 –0.619593 –0.555699
C –1.182905 –0.425413 0.022887
C –1.270627 –0.902715 1.474365
C –2.178782 –1.204934 –0.838758
H 4.557234 0.098197 –0.392555
H 3.794502 –0.170847 1.198931
H 3.574081 1.387996 0.353627
H 1.201971 1.077711 0.385061
H 1.437614 –0.465477 1.241438
H 0.409508 –1.698967 –0.635595
H 0.261693 –0.209491 –1.572223
H –2.306032 –0.852439 1.828457
H –0.938830 –1.946796 1.542154
H –0.657858 –0.293041 2.142169
H –3.205044 –1.044983 –0.491320
H –2.116240 –0.889405 –1.883975
H –1.959927 –2.278443 –0.778415
H –2.778020 1.279286 0.459705
O 2.560332 –0.228644 –0.475379
S –1.557850 1.374141 –0.080686
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Table C37: Cartesian coordinates of the observed conformer 2 of 
ethyl isovalerate calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C –3.396142 –0.911525 –0.310171
C –2.326228 0.792851 1.225497
C –2.219617 0.054102 –0.115572
C –0.886883 –0.700692 –0.236329
C 0.329173 0.197324 –0.338472
C 2.693869 0.280986 –0.049349
C 3.799680 –0.621410 0.458542
H –3.352907 –1.406163 –1.285306
H 2.840313 0.561357 –1.095135
H 2.614270 1.201065 0.533969
H 4.759659 –0.102960 0.387321
H 3.634100 –0.894120 1.503236
H 3.860525 –1.538128 –0.132317
H –3.399517 –1.690814 0.460026
H –4.350376 –0.381086 –0.247188
H –1.513737 1.512361 1.350347
H –3.269045 1.343004 1.292363
H –2.293055 0.087860 2.064011
H –2.245769 0.800451 –0.916350
H –0.884955 –1.315457 –1.145466
H –0.745946 –1.394334 0.598139
O 0.332998 1.332386 –0.751672
O 1.445957 –0.448197 0.063719
Table C38: Cartesian coordinates of the observed conformer 3 of 
ethyl isovalerate calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 2.323731 0.788739 1.229475
C 3.396778 –0.909290 –0.311055
C 2.219474 0.055001 –0.114521
C 0.887283 –0.700037 –0.240038
C –0.329042 0.197882 –0.339718
C –2.693487 0.280888 –0.048403
C –3.798778 –0.622427 0.458983
H 1.510794 1.507504 1.355800
H –2.613544 1.200086 0.536255
H –2.840777 0.562836 –1.093643
H –4.758867 –0.103958 0.389405
H –3.860038 –1.538212 –0.133275
H –3.632281 –0.896780 1.503102
H 2.289481 0.080602 2.065289
H 3.266233 1.338984 1.299891
H 3.355258 –1.400150 –1.288168
H 4.350650 –0.378633 –0.244560
H 3.399344 –1.691551 0.456121
H 2.246345 0.804344 –0.912466
H 0.886801 –1.310675 –1.151957
H 0.745808 –1.397395 0.591210
O –0.333346 1.333533 –0.751304
O –1.445390 –0.448305 0.062580
Table C39: Cartesian coordinates of the observed conformer 1 of 
ethyl pivalate calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 0.076298 0.549717 –0.000160
C 1.373335 –0.247430 –0.000036
C 1.417182 –1.131397 –1.256184
C 1.417356 –1.129840 1.257253
C 2.554000 0.724155 –0.000690
C –2.277025 0.406794 0.000002
C –3.347174 –0.663918 0.000003
H 1.357627 –0.522509 –2.165168
H 2.363497 –1.683275 –1.278078
H 0.592851 –1.849184 –1.261474
H 1.356770 –0.519893 2.165455
H 0.593645 –1.848347 1.262972
H 2.364165 –1.680816 1.280288
H 2.533813 1.367824 0.883087
H 2.533201 1.367367 –0.884787
H –2.337591 1.046887 0.884613
H –2.337698 1.047005 –0.884510
H –3.262234 –1.294435 0.888243
H –3.262368 –1.294300 –0.888345
H 3.490816 0.156768 –0.000872
H –4.335641 –0.195112 0.000114
O –0.012425 1.760679 –0.000130
O –1.002363 –0.269502 –0.000107
Table C40: Cartesian coordinates of the observed conformer 2 of 
ethyl pivalate calculated at the MP2/6-311++G(d,p) level in the 
principal axis of inertia system.  
Atom a / Å b / Å c / Å 
C 0.055783 0.376250 –0.199546
C –1.358896 –0.110710 0.081897
C –1.354680 –0.855604 1.426868
C –1.809094 –1.061651 –1.036867
C –2.294844 1.096236 0.155985
C 2.289957 –0.313970 –0.573523
C 2.975558 –0.015297 0.747850
H –1.011378 –0.200671 2.235548
H –2.373179 –1.183172 1.663439
H –0.705001 –1.734042 1.387092
H –1.782937 –0.560046 –2.010573
H –1.169409 –1.946290 –1.083929
H –2.839613 –1.381844 –0.846902
H –2.297281 1.649774 –0.787369
H –1.987524 1.784410 0.947999
H 2.720706 –1.192558 –1.056518
H 2.345119 0.540452 –1.251690
H 2.880143 –0.867846 1.425458
H 2.538860 0.868530 1.216583
H –3.313894 0.752922 0.363727
H 4.039921 0.174016 0.576461
O 0.404659 1.537917 –0.257282
O 0.904080 –0.666446 –0.369982
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Table C41: Cartesian coordinates of the Cs conformer (conformer 
1 see below) of ethyl valerate observed in the molecular beam 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system.  
Atom a / Å b / Å c / Å 
C −0.594658 0.288802 −0.000229
C −2.953996 0.308876 0.000117
C −4.090038 −0.685825 0.000326
C 0.628216 −0.595949 −0.000292
C 1.927687 0.195858 0.000058
C 3.159094 −0.703885 −0.000056
C 4.461035 0.089051 0.000311
H −2.968720 0.951547 0.880227
H −2.969124 0.951683 −0.879881
H −5.043555 −0.159399 0.000605
H −4.043332 −1.318746 −0.883118
H −4.042901 −1.318901 0.883637
H 0.565460 −1.252053 0.871306
H 0.565675 −1.251606 −0.872245
H 1.947719 0.851913 0.872591
H 1.947895 0.852392 −0.872111
H 3.128289 −1.358482 −0.875242
H 3.128097 −1.358980 0.874752
H 4.524200 0.728114 0.881021
H 5.328538 −0.569829 0.000215
H 4.524389 0.728620 −0.880018
O −0.591002 1.508893 −0.000081
O −1.728003 −0.459299 −0.000205
Table C42: Cartesian coordinates of the C1 conformer (conformer 
2 see below) ethyl valerate observed in the molecular beam 
calculated at the MP2/6-31G(d,p) level in the principal axis of 
inertia system. 
Atom a / Å b / Å c / Å 
C −0.425016 0.095136 0.390739
C −2.657644 −0.558742 −0.000831
C −3.893596 −0.004862 −0.668204
C 0.578376 1.213613 0.235338
C 2.013203 0.738938 0.430526
C 2.492235 −0.188640 −0.681816
C 3.933838 −0.641126 −0.481506
H −2.322861 −1.488998 −0.459134
H −2.812256 −0.749172 1.061089
H −4.711807 −0.718733 −0.583513
H −4.196600 0.927671 −0.197285
H −3.705609 0.183911 −1.722819
H 0.437461 1.670449 −0.745468
H 0.315120 1.978051 0.971402
H 2.085829 0.223047 1.389493
H 2.668827 1.611862 0.482106
H 2.398863 0.326505 −1.642172
H 1.838179 −1.060925 −0.723428
H 4.040519 −1.180921 0.459349
H 4.258607 −1.300939 −1.285186
H 4.610460 0.213539 −0.455196
O −0.220887 −0.969369 0.952444
O −1.619690 0.438442 −0.153014
Table C43: Cartesian coordinates of the conformer 1 ethyl valerate 
observed in the molecular beam calculated at the B3LYP/6-
311++G(d,p) level in the principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C −0.600806 0.314296 −0.000278
C –2.984447 0.292679 0.000305
C −4.103775 −0.728332 0.000343
C 0.628605 −0.569273 −0.000454
C 1.945149 0.207040 0.001418
C 3.171723 −0.711927 −0.001185
C 4.495453 0.058084 0.000643
H −3.016504 0.936241 0.882498
H −3.016755 0.936462 −0.881715
H −5.069352 −0.215536 0.000565
H −4.054189 −1.365029 −0.885851
H −4.053912 −1.365273 0.886345
H 0.560154 −1.228832 −0.873077
H 0.558855 −1.231190 0.870243
H 1.975954 0.869025 −0.870019
H 1.976261 0.864304 0.876440
H 3.133513 −1.373029 0.873416
H 3.133186 −1.368337 −0.879302
H 5.352051 −0.621417 −0.001313
H 4.579162 0.701812 −0.880378
H 4.579484 0.697103 0.885057
O −0.603684 1.521558 −0.000830
O −1.729100 −0.431065 0.000053
Table C44: Cartesian coordinates of the conformer 2 ethyl valerate 
observed in the molecular beam calculated at the B3LYP/6-
311++G(d,p) level in the principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C 0.442405 0.084600 0.454277
C 2.693626 −0.538313 −0.019270
C 3.880827 0.017453 −0.778728
C −0.586692 1.185591 0.290963
C −2.032761 0.704430 0.442483
C −2.514587 −0.175795 −0.717046
C −3.969031 −0.626757 −0.556959
H 2.910214 −0.667363 1.043798
H 2.370208 −1.504633 −0.412656
H 4.726285 −0.670727 −0.694871
H 3.644757 0.142842 −1.837844
H 4.185794 0.985818 −0.375688
H −0.423306 1.680946 −0.670062
H −0.353517 1.932280 1.060081
H −2.128240 0.154107 1.383496
H −2.681504 1.584121 0.522457
H −2.404254 0.376231 −1.658933
H −1.868551 −1.056604 −0.794049
H −4.287227 −1.250655 −1.396658
H −4.101309 −1.210519 0.359135
H −4.647464 0.230951 −0.504688
O 0.281076 −0.940738 1.072077
O 1.602789 0.406381 −0.158103
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Table C45: Cartesian coordinates of the conformer 3 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C 0.670558 0.090052 −0.218759
C −0.628689 −0.665622 −0.035988
C −1.867319 0.229749 −0.029936
C −3.165089 −0.560049 0.172682
C −4.411015 0.330245 0.179568
C 3.040564 −0.193139 −0.428867
C 3.655786 0.167421 0.913121
H −0.547738 −1.231882 0.899221
H −0.688168 −1.420184 −0.828099
H −1.764985 0.983515 0.757367
H −1.916036 0.786385 −0.971622
H −3.260377 −1.314349 −0.618203
H −3.109112 −1.116063 1.116757
H −5.320958 −0.258367 0.324872
H −4.362045 1.071595 0.983071
H −4.513377 0.873676 −0.764846
H 3.611303 −0.974706 −0.931405
H 2.969205 0.679056 −1.079660
H 4.677249 0.529435 0.763588
H 3.084500 0.956965 1.404670
H 3.695441 −0.704458 1.570536
O 0.781361 1.288919 −0.309932
O 1.717298 −0.765977 −0.269543
Table C46: Cartesian coordinates of the conformer 4 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C −0.658051 0.813627 0.129748
C 0.695073 0.617179 0.773825
C 1.689204 −0.052796 −0.195208
C 3.085999 −0.216644 0.413678
C 4.079191 −0.883165 −0.542452
C −2.761883 −0.213933 −0.315763
C −3.476770 −1.509073 0.010579
H 0.585545 0.007241 1.673893
H 1.064992 1.604105 1.060548
H 1.300607 −1.034326 −0.488775
H 1.756086 0.547587 −1.109238
H 3.467284 0.767652 0.710368
H 3.012091 −0.806822 1.335001
H 5.066077 −0.984166 −0.082847
H 3.742103 −1.884256 −0.828920
H 4.198238 −0.298772 −1.460040
H −3.296113 0.658069 0.068253
H −2.630892 −0.076593 −1.391658
H −4.470933 −1.505181 −0.444422
H −2.926371 −2.369674 −0.376318
H −3.594444 −1.630901 1.089709
O −0.994681 1.790320 −0.497048
O −1.453868 −0.264928 0.306579
Table C47: Cartesian coordinates of the conformer 5 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C −0.511530 0.107133 −0.132960
C 0.552684 1.183287 −0.215187
C 1.943535 0.653606 −0.574913
C 2.603392 −0.160371 0.544827
C 4.002603 −0.658321 0.172380
C −2.700744 −0.369372 0.715694
C −3.671831 −0.186147 −0.438783
H 0.562197 1.738408 0.727009
H 0.206139 1.891622 −0.977746
H 1.869359 0.039650 −1.477728
H 2.582499 1.508344 −0.824483
H 2.663766 0.455793 1.450779
H 1.967301 −1.016786 0.791287
H 4.452077 −1.230162 0.988813
H 3.967951 −1.307575 −0.707837
H 4.673065 0.176279 −0.057076
H −2.333301 −1.394901 0.766683
H −3.158734 −0.100256 1.667934
H −4.548706 −0.822038 −0.285536
H −4.009521 0.851042 −0.503030
H −3.209692 −0.468460 −1.386483
O −0.456583 −0.975247 −0.666341
O −1.565695 0.527526 0.602157
Table C48: Cartesian coordinates of the conformer 6 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C 0.540331 −0.504458 0.250603
C −0.601509 −1.259495 −0.400567
C −1.988590 −0.807291 0.063493
C −2.394285 0.577427 −0.456366
C −3.789278 1.001604 0.010891
C 2.882469 −0.033052 0.069677
C 3.020732 1.404456 −0.403229
H −0.442730 −2.316900 −0.156412
H −0.494169 −1.184821 −1.486560
H −2.722673 −1.548210 −0.273186
H −2.016557 −0.809146 1.157446
H −1.659368 1.317470 −0.123237
H −2.361172 0.574692 −1.553189
H −4.056215 1.988370 −0.377156
H −4.553476 0.293937 −0.326627
H −3.840477 1.048998 1.102937
H 2.857148 −0.092172 1.158380
H 3.693142 −0.656414 −0.308914
H 3.969208 1.818219 −0.048241
H 3.012147 1.457881 −1.494533
H 2.211947 2.023510 −0.011154
O 0.470178 0.120799 1.281669
O 1.681437 −0.651989 −0.459667
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Table C49: Cartesian coordinates of the conformer 7 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C 0.541123 0.438652 −0.023361
C −0.779174 −0.260431 0.224026
C −1.986351 0.677603 0.165528
C −3.321079 −0.014759 0.479579
C −3.755551 −1.062452 −0.551835
C 2.900763 0.112932 −0.118817
C 3.892193 −1.015774 0.076737
H −0.713215 −0.756713 1.199127
H −0.857843 −1.068598 −0.510389
H −1.828318 1.497413 0.872199
H −2.035110 1.142350 −0.824790
H −3.265766 −0.479214 1.472171
H −4.097046 0.755069 0.550501
H −4.739468 −1.470723 −0.305198
H −3.820203 −0.624443 −1.553197
H −3.059102 −1.904235 −0.602481
H 2.947442 0.529639 −1.127684
H 3.065771 0.930480 0.586766
H 4.908443 −0.644178 −0.080165
H 3.828467 −1.422619 1.088491
H 3.710008 −1.825608 −0.633325
O 0.683655 1.606157 −0.296020
O 1.573279 −0.426162 0.098748
Table C50: Cartesian coordinates of the conformer 8 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C −0.509955 −0.996322 0.009719
C 0.708381 −1.214223 0.882846
C 1.709668 −0.045202 0.874535
C 2.338653 0.221281 −0.497709
C 3.347172 1.373109 −0.475679
C −2.384232 0.424726 −0.381035
C −2.974477 1.696706 0.192570
H 0.353518 −1.380342 1.905537
H 1.182328 −2.135651 0.539381
H 2.501720 −0.272998 1.597030
H 1.209521 0.859084 1.234781
H 1.550252 0.443201 −1.226485
H 2.830258 −0.691872 −0.853594
H 3.779795 1.541931 −1.465451
H 4.170628 1.166391 0.215412
H 2.874127 2.306931 −0.155855
H −3.073285 −0.419318 −0.301878
H −2.114777 0.535841 −1.433887
H −3.884258 1.959035 −0.354130
H −2.271975 2.528914 0.107527
H −3.232884 1.568846 1.246183
O −0.860535 −1.716433 −0.894641
O −1.186582 0.116325 0.374113
Table C51: Cartesian coordinates of the conformer 9 ethyl valerate 
calculated at the B3LYP/6-311++G(d,p) level in the principal axis 
of inertia system. 
Atom a / Å b / Å c / Å 
C 0.696626 0.496348 0.064579
C −0.639587 0.428145 0.767426
C −1.757535 −0.024923 −0.192405
C −3.134412 −0.055589 0.479716
C −4.251119 −0.501546 −0.468499
C 2.632005 −0.778503 −0.541276
C 3.770634 −0.310907 0.349967
H −0.860222 1.428744 1.146051
H −0.572529 −0.261586 1.612191
H −1.784453 0.652531 −1.052967
H −1.517372 −1.020956 −0.580850
H −3.099502 −0.727051 1.346021
H −3.365216 0.941237 0.873998
H −5.220362 −0.513558 0.037292
H −4.332722 0.171458 −1.327568
H −4.064806 −1.508964 −0.853530
H 2.726702 −1.836960 −0.786006
H 2.583404 −0.195376 −1.461675
H 4.724961 −0.465692 −0.161988
H 3.675920 0.752086 0.578289
H 3.789552 −0.875256 1.285406
O 1.120779 1.462605 −0.524368
O 1.353418 −0.684225 0.138377
Table C52: Cartesian coordinates of the conformer 10 ethyl 
valerate calculated at the B3LYP/6-311++G(d,p) level in the 
principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C 0.564939 0.702762 0.082265
C −0.598963 1.217317 −0.739206
C −1.776138 0.234207 −0.862830
C −2.443586 −0.102402 0.475590
C −3.626442 −1.062815 0.324782
C 2.149662 −1.083533 0.284024
C 3.469247 −0.579684 −0.276358
H −0.213706 1.449780 −1.737984
H −0.918767 2.154590 −0.279866
H −2.518934 0.678121 −1.535427
H −1.428112 −0.684734 −1.344356
H −1.703182 −0.542191 1.153993
H −2.780848 0.824297 0.954982
H −4.084101 −1.285274 1.292450
H −4.402743 −0.637739 −0.319475
H −3.310944 −2.011837 −0.120027
H 2.067655 −0.877274 1.351770
H 2.025928 −2.152974 0.109937
H 4.297994 −1.105943 0.206364
H 3.530348 −0.761052 −1.352140
H 3.590270 0.488683 −0.088790
O 1.045180 1.265687 1.037274
O 1.019869 −0.478672 −0.395649
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Table C53: Cartesian coordinates of the conformer 11 ethyl 
valerate calculated at the B3LYP/6-311++G(d,p) level in the 
principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C 0.604078 0.199086 −0.177545
C −0.773184 −0.302003 0.203777
C −1.873321 0.748336 0.038101
C −3.251448 0.281569 0.530178
C −3.858419 −0.875405 −0.271842
C 2.882050 −0.488358 −0.464155
C 3.645354 −0.053968 0.775968
H −0.713808 −0.640418 1.245774
H −0.971214 −1.202175 −0.385031
H −1.580056 1.651687 0.579753
H −1.938670 1.039508 −1.016064
H −3.182473 −0.002789 1.587796
H −3.935570 1.136181 0.492555
H −4.859624 −1.122100 0.091929
H −3.945904 −0.615278 −1.331790
H −3.254713 −1.784618 −0.202260
H 3.286577 −1.412887 −0.877461
H 2.895112 0.287651 −1.230222
H 4.696365 0.111798 0.521627
H 3.242213 0.878234 1.176137
H 3.598770 −0.822582 1.551175
O 0.886014 1.337709 −0.463736
O 1.503108 −0.812151 −0.151142
Table C54: Cartesian coordinates of the conformer 12 ethyl 
valerate observed in the molecular beam calculated at the 
B3LYP/6-311++G(d,p) level in the principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C −0.612929 0.329679 −0.157356
C 0.785196 −0.192680 −0.413195
C 1.886817 0.725502 0.119157
C 3.306270 0.244078 −0.215297
C 3.711394 −1.071933 0.459260
C −2.934607 −0.169003 −0.476736
C −3.477497 −0.641754 0.861589
H 0.886433 −0.340577 −1.494883
H 0.842191 −1.194176 0.024580
H 1.737204 1.727685 −0.292324
H 1.778527 0.829032 1.204149
H 3.409787 0.144610 −1.303161
H 4.012059 1.026611 0.083524
H 4.749926 −1.326282 0.230284
H 3.620828 −0.999280 1.547994
H 3.092232 −1.911472 0.130311
H −3.032617 0.911817 −0.585119
H −3.438181 −0.663716 −1.307887
H −4.546348 −0.417233 0.924505
H −3.348064 −1.720769 0.975271
H −2.974854 −0.134875 1.687201
O −0.887672 1.368451 0.393475
O −1.539223 −0.529823 −0.641541
Table C55: Cartesian coordinates of the conformer 13 ethyl 
valerate calculated at the B3LYP/6-311++G(d,p) level in the 
principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C −0.654201 −0.926810 0.142406
C 0.643529 −1.532270 −0.350562
C 1.729930 −0.498427 −0.699861
C 2.199678 0.336806 0.496370
C 3.308094 1.327596 0.130063
C −2.460969 0.526228 −0.463508
C −2.243690 1.841886 0.265140
H 0.411593 −2.127546 −1.239784
H 0.991633 −2.212969 0.428650
H 2.585591 −1.038100 −1.121369
H 1.357589 0.161251 −1.489872
H 1.348992 0.883003 0.919827
H 2.552775 −0.333503 1.289021
H 3.625830 1.908776 0.999880
H 4.188742 0.809044 −0.262261
H 2.971812 2.033203 −0.636243
H −2.941688 0.681208 −1.429959
H −3.059480 −0.163033 0.133181
H −3.207812 2.329296 0.437515
H −1.769233 1.677112 1.234112
H −1.621136 2.517849 −0.326012
O −1.158845 −1.139941 1.219222
O −1.202020 −0.115549 −0.792145
Table C56: Cartesian coordinates of the conformer 14 ethyl 
valerate observed in the molecular beam calculated at the 
B3LYP/6-311++G(d,p) level in the principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C 0.215580 0.966998 0.057186
C 2.283303 −0.189376 0.312758
C 3.060415 −1.281051 −0.394135
C −1.015985 1.116421 −0.812094
C −1.796830 −0.173111 −1.133913
C −2.651968 −0.730444 0.015067
C −1.868960 −1.269692 1.217628
H 2.832475 0.754605 0.338314
H 2.039840 −0.460156 1.342755
H 4.003659 −1.458884 0.129392
H 2.496955 −2.216714 −0.411136
H 3.288705 −0.996262 −1.423721
H −0.668591 1.559430 −1.752637
H −1.659253 1.853026 −0.326070
H −2.460394 0.051305 −1.975613
H −1.098445 −0.938039 −1.486908
H −3.347446 0.047790 0.353034
H −3.275023 −1.535262 −0.391133
H −1.311935 −0.482915 1.732294
H −1.156802 −2.042058 0.910823
H −2.547272 −1.716439 1.949909
O 0.463880 1.634610 1.033577
O 1.047805 0.013598 −0.416590
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Table C57: Quantum chemical data obtained for the conformers of ethyl valerate at the B3LYP/6-311++G(d,p) level. 
 A B C E [Hartree] ZPE [Hartree] µa
[Debye] 
µb
[Debye] 
µc
[Debye] 
Conformer 1 6.0350      0.5229     0.4899 −425.777430 −425.574778 −0.65 −1.74 0.00 
Conformer 2 4.1206     0.6057      0.5991 −425.777257 −425.574276 0.96 1.21 −0.98 
Conformer 3 5.5625      0.5449      0.5271 −425.776778 −425.573939 0.46 −1.60 0.23 
Conformer 4 3.2018      0.6129      0.5529 −425.776679 −425.573625 0.09 −1.98 0.67 
Conformer 5 4.5660      0.6283      0.6115 −425.776642 −425.573553 −0.80 1.24 0.75 
Conformer 6 3.3234     0.6949      0.6455 −425.776587 −425.573480 0.76 −0.51 −1.37 
Conformer 7 4.2426    0.5843     0.5364 −425.776146 −425.573350 0.39 −1.72 0.39 
Conformer 8 2.2445     0.8205    0.6967 −425.776133 −425.573031 0.03 1.74 1.21 
Conformer 9 4.6391      0.5748     0.5540 −425.776063 −425.572846 −0.22 −1.75 0.61 
Conformer 10 3.0795     0.7369      0.6854 −425.775531 −425.572350 −0.21 −1.40 −1.33 
Conformer 11 4.6440     0.5954   0.5666 −425.775498 −425.572485 0.20 −1.53 0.50 
Conformer 12 4.1899    0.6055    0.5788 −425.775481 −425.572530 −0.18 −1.46 −0.66 
Conformer 13 2.2426     0.8920      0.7548 −425.775357 −425.572140 0.34 1.02 −1.62 
Conformer 14 2.2342      0.9232      0.8388 −425.773613 −425.570441 0.21 −1.58 −1.48 
Note: Rotational constants A, B, C in GHz; E electronic energies; ZPE sum of electronic and zero-point energies; µ dipole 
moment components in the principal axis of inertia system;  dihedral angle O1-C2-C3-C4 (see Fig. 2 in the main text).  
Table C57: Cartesian coordinates of the C1 conformer of 
2-methyl ethyl butyrate observed in the molecular beam 
calculated at the B3LYP/6-311++G(d,p) level in the 
principal axis of inertia system. 
Atom a / Å b / Å c / Å 
C –0.025504 0.122203 0.369078
C –2.380107 –0.242883 0.332654
C –3.506671 –0.238525 –0.680050
C 1.180532 0.526917 –0.465805
C 2.413075 –0.316579 –0.100183
C 2.268238 –1.805215 –0.428794
C 1.438511 2.031724 –0.253087
H –2.263857 –1.216531 0.814014
H –2.531134 0.500611 1.118788
H –4.450706 –0.474155 –0.181342
H –3.604777 0.740869 –1.153808
H –3.335949 –0.983923 –1.460109
H 0.923302 0.361638 –1.516275
H 3.272786 0.095581 –0.639850
H 2.618173 –0.189920 0.967139
H 3.183296 –2.349786 –0.181344
H 1.452684 –2.261850 0.138892
H 2.067179 –1.960301 –1.493679
H 0.566801 2.630490 –0.529051
H 1.679650 2.236750 0.793104
H 2.280534 2.357620 –0.869124
O –0.005182 –0.098817 1.557101
O –1.153275 0.072884 –0.372993
